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ontaminant  wear  is  one  of  the  critical  factors  in  component 
life  and  reliability.  Therefore,  the  detection  and  analysis  of 
this  wear  is  extremely  important.  In  this  study,  it  was  determined 
that  ferrography  is  an  effective  tool  for  this  detection  and  analysis. 

A  theoretical  method  was  developed  by  which  the  behavior  of 
both  magnetic  and  non-maanetic  particles  in  the  fluid  stream  on 
the  ferrogram  can  be  predicted.  This  method  indicates  that  very 
few  magnetic  particles  will  not  be  deposited  on  the  ferrogram. 

This  was  verified  experimentally. 

Tests  were  conducted  on  gear  pumps,  a  hydrostatic  transmission, 
and  complete  hydraulic  systems  to  verify  the  effectiveness  of 
the  ferrographic  technique.  These  tests  showed  that  changes  in 
the  wear  rate  of  a  system  or  component  could  be  readily  detected  by 
the  ferrograph. 

The  lack  of  standardization  of  ferrographic  procedures  is 
delaying  the  acceptance  of  the  ferrograph  as  a  critical  decision 
making  instrument.  A  very  advanced  draft  procedure  has  been  pre¬ 
pared  and  is  ready  for  consideration  by  the  appropriate  committee 
of  the  Society  of  Automotive  Engi 
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FOREWARD 


This  report  was  prepared  by  the  staff  of  the  Fluid  Power 
Research  Center  at  Oklahoma  State  University  of  Agriculture  and 
Applied  Science.  The  study  was  sponsored  by  the  office  of  Naval 
Research  at  Arlington,  Virginia,  under  Contract  Number  N00014- 
75-C-1157.  The  time  period  covered  by  this  report  is  1  July  1978  - 
30  June  1979. 

This  study  was  effectively  monitored  by  Lt.  Commander 
Harold  Martin,  whose  guidance  and  participation  contributed 
significantly  to  the  overall  success  of  the  effort.  The  program 
was  conducted  at  the  Fluid  Power  Research  Center  under  the  direction 
of  Dr.  R.K.  Tessmann,  with  guidance  and  consultation  from  Dr.  E.C. 
Fitch,  Center  Director. 
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INTRODUCTION 


The  degrading  effects  of  particulate  contamination  on  the 
components  in  fluid  power  systems  have  been  a  topic  of  discussion 
in  the  fluid  power  world  for  years.  Literally  hundreds  of  papers 
have  been  published  extolling  the  virtues  of  fluid  cleanliness 
and  dangers  of  fluid  "uncleanliness".  Conferences  and  symposia 
have  repeatedly  provided  a  forum  for  debating  the  value  of  the 
multitude  of  particle  counting  equipment,  patch  tests,  sampling 
procedure,  etc.  The  type  and  locations  of,  and  even  the  need  for, 
filters  has  sparked  frequent  heated  debate.  Throughout  all  of 
this,  the  authors,  speakers,  and  combatants,  for  the  most  part, 
have  considered  particles  only  as  particles  and  have  paid  con¬ 
siderably  less  attention  to  their  sources  than  to  their  presence. 

Certainly  there  were  some  who  were  interested  in  identifying 
the  sources  of  contamination.  Significant  advances  in  this  area 
were  made  through  the  use  of  both  optical  and  scanning  electron 
microscopy  and  spectrometric  oil  analysis  programs  (SOAP).  These 
methods,  however,  were  primarily  concerned  with  identifying  the 
materials  present  in  a  fluid  sample.  Under  certain  conditions, 
a  knowledge  of  the  materials  in  the  sample  could  lead  a  knowledgeable 
investigator  to  the  component  which  was  the  source  of  the  particulate. 
This,  in  fact,  is  the  basis  of  the  very  successful  SOA  Programs 
which  are  used  to  provide  an  early  warning  of  an  impending  failure 
of  the  rotating  components  in  jet  engines. 

While  SOAP  is  concerned  with  the  type  of  debris  material, 
and  subsequently  its  source,  it  cannot  provide  any  insight  into 
the  mechanisms  that  generated  the  debris.  The  development  of  the 
Ferrographic  technique  finally  provided  researchers  the  tool  they 
needed  to  examine  the  morphology  of  particles  and  conduct  meaning¬ 
ful  studies  into  the  mechanisms  by  which  the  particles  were  produced. 

A  natural  evolution  of  the  ferrographic  concept  will  provide  the 
system  operator  or  maintainer  with  the  capability  to  accurately 
predict  impending  component  failures  long  before  the  situation  be¬ 
comes  critical. 

An  obvious  advantage  is  that  potentially  troublesome  com¬ 
ponents  can  be  replaced  at  some  convenient  time  rather  than  causing 
costly  unscheduled  system  downtime.  While  this  is  one  of  the  major 
benefits  of  SOAP,  a  recent  Technical  Memo  published  by  the  U.S. 

Air  Force  on  the  results  of  an  Air  Force  sponsored  investigation 
into  the  laboratory  testing  of  aircraft  actuators  implied  that 
the  ferrograph  showed  failure  debris  long  before  it  was  detectable 
by  SOAP  [1].  This  is  not  a  wholly  unexpected  result.  Although 
there  have  been  several  attempts  to  apply  the  SOA  Program  to  fluid 
power  systems,  the  results  have  never  been  encouraging.  This  stems,  at 


least  in  part,  from  the  inability  of  currently  employed  spectrum 
analyzers  to  cope  with  particles  larger  than  2  ym. 

The  Office  of  Naval  Research  recognized  the  potential  ad¬ 
vantages  of  the  ferrograph  very  early  in  its  development  and  has 
provided  contract  funding  for  research  and  the  development  of  the 
ferrographic  techniques  by  the  Fluid  Power  Research  Center  (FPRC). 

This  report  presents  the  results  of  the  fourth  year  of 
activity  on  the  program. 
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II.  TECHNICAL  BACKGROUND 


The  previous  phases  of  this  study  have  dealt  with  the  practical 
applications  of  ferrography  to  fluid  power  systems. 

The  first  two  phases  were  investigations  of  the  life  improvements 
of  hydraulic  components  brought  about  by  the  removal  of  particulate 
contamination  entrained  in  the  fluid  of  hydraulic  systems.  Tn  this 
investigation,  two  basic  test  mechanisms  simulating  mechanics  common¬ 
ly  found  in  hydraulic  systems  -  a  rotary  device  and  a  line*  re¬ 
ciprocating  device  -  were  constructed.  These  mechanisms  were  operated 
using  hydraulic  fluid  which  was  contaminated  with  known  quantities  of 
AC  Fine  Test  Dust.  The  resulting  debris  was  analyzed  ferrographically. 

Several  important  results  which  were  obtained  from  these  tests 
are  listed  here: 

1.  The  wear  debris  generated  from  rotary  mechanisms  is  de- 
tectably  different  from  that  generated  by  linear  reciprocating 
mechanisms. 

2.  In  rotary  mechanisms,  the  particle  size  distribution  is 
very  critical  at  high  concentrations  of  contaminants. 

3.  In  linear  mechanisms,  the  greatest  wear  results  from  some 
critical  size  distribution  which  is  related  to  clearances  within  the 
device  rather  than  the  concentration  level. 

4.  Significant  -  and  predictable  -  reductions  in  wear  and 
the  resultant  increases  in  component  life  can  be  achieved  by  re¬ 
ducing  both  the  level  and  the  size  distribution  of  the  particles  in 
the  system. 

5.  Changes  in  wear  rates  brought  about  by  variations  in  the 
concentration  or  distribution  of  contaminants  in  the  fluid  are  readily 
detectable  ferrographically. 

Subsequent  work  extended  these  basic  mechanism  wear  tests  to 
hydraulic  gear  pumps.  These  tests  showed  that  the  results  discussed 
above  could  be  extrapolated  to  include  the  gear  pump  and  quite 
possibly  other  similar  hydraulic  components. 

During  the  gear  pump  testing,  it  was  found  that  the  wear 
debris  generation  from  very  low  contaminant  concentrations  were 
detectable  through  the  ferrographic  density  values.  This  has  two 
important  implications.  The  first  is  that  component  contaminant 
sansitivity  testing  could  be  conducted  on  a  non-destructive  basis. 

The  second  is  that  a  routine  fluid  sampling  program  should  allow 


the  early  detection  of  wear  debris  in  operating  systems  and  facilitate 
preventive  maintenance  actions  to  preclude  system  failure. 

Throughout  these  phases,  the  processes  and  procedures  involved 
in  ferrographic  analysis  were  constantly  being  evaluated  and  revised 
to  produce  a  repeatable  and  viable  wear  debris  analysis  method. 


8 


III.  SCOPE  OF  EFFORT 


This  report  covers  the  fourth  phase  of  work  under  contract 
number  N00014-75-C-1157.  This  phase  had  as  specific  tasks  the 
standardization  of  the  ferrographic  procedure  and  the  completion 
of  a  comprehensive  field  test  program  to  investigate  the  wear 
debris  generated  within  hydraulic  systems  in  field  service. 

In  an  effort  to  promote  an  internationally  accepted  ferrographic 
oil  analysis  procedure,  the  FPRC  has  established  an  active  liaison 
with  the  TTCP  (Sub-Group  P,  Technical  Panel  1,  Active  Group  4). 
Significant  progress  has  been  made.  A  highly  advanced  draft  procedure 
is  now  available  for  presentation  to  the  appropriate  SAE  sub-committee 
for  advancement  to  the  national  standard  stage. 

When  this  project  was  proposed,  it  was  the  intention  of  all 
involved  to  select  an  appropriate  hydraulic  system  of  interest 
in  Naval  application  to  use  for  the  field  test  program.  Unfortunately, 
this  could  not  be  accomplished.  However,  the  FPRC  was  able  to  con¬ 
duct  some  brief  field  tests  on  some  non-Naval  equipment.  The  re¬ 
sults  of  those  tests  are  presented  herein. 
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IV.  THEORETICAL  ASSESSMENT  OF  THE  FERROGRAPHIC  PROCESS 


Since  the  introduction  of  the  ferrograph  in  1974,  numerous 
questions  have  arisen  concerning  the  particle  dynamics  and  the 
behavior  of  nonmagnetic  particles  in  the  fluid  stream.  During 
the  past  year,  the  FPRC  has  expended  considerable  effort  in  pro¬ 
ducing  theoretical  analyses  to  answer  these  questions.  The  results 
of  these  analyses  are  presented  in  Appendices  A,  B,  and  C.  By  using 
the  mathemetical  models  developed  in  these  papers,  the  behavior 
of  any  given  particle  can  be  predicted. 

One  of  the  most  significant  points  brought  out  by  these 
papers  is  that  the  probability  of  a  magnetic  particle's  not  being 
deposited  on  the  slide  is  extremely  low.  This  has  been  verified 
experimentally  at  the  FPRC  by  collecting  the  fluid  used  to  make 
a  ferrogram  and  using  it  to  make  a  second  ferrogram.  This  has 
been  accomplished  numerous  times,  and  no  appreciable  number  of 
magnetic  particles  has  ever  been  found  in  the  second  ferrogram. 

Appendix  C  discusses  the  behavior  of  non-magnetic  particles 
and  their  effect  on  densitometer  readings.  It  concludes  that  these 
particles  can  cause  erroneous  readings,  especially  when  real-time 
monitoring  is  used. 


10 


TWXZBT- 


V.  CONTAMINANT  WEAR 


One  of  the  primary  objectives  of  this  contract  phase  was 
to  concentrate  on  the  study  of  wear  in  complete  hydraulic  systems. 
This  was  to  have  been  done  by  selecting  candidate  hydraulic  systems 
(with  guidance  from  the  Navy  sponsors)  which  would  be  operated 
under  various  conditions.  Fluid  samples  would  be  extracted  on 
a  predetermined  schedule  and  analyzed  on  both  a  particle  size  dis¬ 
tribution  and  a  ferrographic  basis.  Unfortunately,  arrangements 
could  not  be  made  for  the  program  as  originally  planned.  However, 
to  demonstrate  the  applicability  of  the  ferrographic  process  to 
hydraulic  systems,  the  FPRC  conducted  test  programs  on  several 
non-Naval  systems.  The  results  of  these  programs  are  presented 
here.  Work  on  the  assessment  of  contaminant  wear  in  gear  pumps 
was  completed  during  this  phase.  The  results  from  that  work  are 
also  included  in  this  section. 

Gear  Pumps 

The  pump  is  considered  by  fluid-power  engineers  to  be  the 
heart  of  the  hydraulic  system.  Therefore,  forces  and  influences 
that  tend  to  degrade  the  performance  of  hydraulic  pumps  are  of 
great  concern.  A  common  occurrence  that  has  a  deleterious  effect 
upon  a  pump  is  the  presence  of  particulate  contamination  entrained 
in  the  fluid  of  the  system.  In  the  case  of  a  pump,  these  particles 
are  forced  into  the  critical  leakage  paths  between  mating  surfaces, 
which  many  times  are  in  relative  motion.  Once  these  particles  have 
entered  this  area,  wear  will  probably  occur.  Two  events  occur 
as  a  result  of  this  wear.  First,  the  enlargement  of  the  critical 
leakage  paths  will  cause  a  decrease  in  the  output  flow  of  the 
pump.  Second,  the  wear  process  will  remove  material  from  one  or 
both  of  the  surfaces.  This  material  will  become  wear  debris  en¬ 
trained  in  the  circulating  fluid. 

Previous  efforts  to  study  the  influence  of  various  particle 
size  distributions  and  contaminant  concentrations  have  relied  upon 
flow  degradation  measurement  alone.  There  were  several  reasons 
for  this  dependency  upon  flow  degradation  data.  A  primary  reason 
is  that  flow  is  the  only  performance  parameter  of  importance  asso¬ 
ciated  with  fixed-displacement  pumps.  Therefore,  the  use  of  flow 
degradation  is  directly  related  to  performance  degradation,  which 
is  the  sole  criterion  in  field  applications.  A  second  reason  stems 
from  the  problems  in  attaining  any  other  wear-related  measurement- 
direct  measurements  of  dimensional  changes  are  impossible.  In 
addition,  there  was  no  proven  method  of  measuring  the  wear  debris 
generation,  and  the  weighing  of  entire  pump  parts  was  shown  to  be 
fruitless. 
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The  use  of  flow  degradation  data  to  evaluate  the  contaminant 
wear  of  a  pump  presented  several  problems.  The  most  important 
drawback  was  associated  with  contamination  levels  at  which  the 
test  pump  was  exposed  to  several  particle  size  ranges.  To  obtain 
a  measureable  flow  degradation  at  the  smaller  particle  size  ranges, 
a  fairly  high  concentration  was  used.  However,  the  use  of  such 
a  high  contaminant  level  many  times  results  in  considerable  pump 
wear  at  the  larger  particle  size  ranges.  Therefore,  to  obtain 
the  needed  data  at  small  size  ranges  but  not  destroy  the  pump,  a 
more  sensitive  wear  parameter  was  needed.  One  paramount  requirement 
of  such  a  new  parameter  was  that  it  must  correlate  with  flow  de¬ 
gradation  data  at  the  higher  contamination  levels.  This  would 
permit  the  use  of  standard  interpretation  techniques  such  as  the 
algorithm  developed  to  calculate  a  contaminant  tolerance  profile  [2] 
and  the  nomograph  to  determine  an  Omega  rating  for  the  pump  [3]. 

With  the  introduction  of  the  Ferrographic  Oil  Analysis  System 
[4,  5,  6],  evaluation  of  a  wear  process  through  an  analysis  of  the 
generated  debris  became  a  practical  consideration.  In  fact,  the 
measurement  of  wear  debris  through  Ferrographic  techniques  is  much 
more  responsive  to  the  severity  of  the  wear  process  than  flow 
degradation  and  therefore  may  represent  the  key  to  pump  contaminant 
sensitivity  testing  at  a  reduced  contamination  level.  Ferrographic 
analysis  can  be  used  effectively  for  contaminant  wear  studies  of 
most  fluid  components.  This  is  particularly  important  when  a 
single  critical  performance  parameter  is  difficult  to  identify. 

For  example,  in  the  case  of  hydraulic  valves,  several  parameters 
could  be  selected,  where  each  is  extremely  critical  in  some  given 
application.  However,  using  them  all  to  assess  contaminant  wear 
would  be  difficult,  if  not  impossible. 

This  section  presents  the  results  of  a  study  on  the  con¬ 
taminant  wear  of  pumps.  The  pumps  were  tested  at  various  particle 
size  ranges  and  contaminant  concentrations.  In  addition  to  the 
flow  data  normally  recorded  during  such  testing,  samples  were  ex¬ 
tracted  for  Ferrographic  analysis.  The  objective  of  the  program 
was  to  assess  the  capability  of  the  Ferrographic  technique  not 
only  to  produce  useful  data  at  contamination  levels  much  lower 
than  the  300  mg/ litre  used  in  the  Standard  Contaminant  Sensitivity 
Test  [7]  but  to  correlate  at  various  concentrations  so  that  stan¬ 
dard  intrepretations  methods  could  be  employed.  The  results  obtained 
should  significantly  advance  the  understanding  of  pump  contaminant 
wear  and  will  open  the  door  to  desirable  improvements  in  contaminant 
sensitivity  testing. 

Experimental  Methods 

To  keep  the  initial  investigations  of  Ferrographic  analysis 
of  contaminant  wear  in  hydraulic  pumps  to  a  manageable  level,  a 


typical  gear-type,  fixed-displacement  pump  was  selected.  To  explore 
the  debris  generation  characteristics  of  these  pumps,  tests  were 
conducted  over  a  broad  range  of  contaminant  concentrations  and  sizes. 
The  contaminant  concentrations  selected  were  25,  150,  and  300  mg/*. 
Particle  size  ranges  of  0-5,  0-10,  0-20,  0-30,  0-40,  0-50,  0-60,  0-70, 
and  0-80  micrometres  obtained  by  classification  using  air  elutriation 
from  AC  Fine  Test  Dust  [8]  were  used  in  these  pump  tests. 

Basically,  the  Standard  Pump  Contaminant  Sensitivity  Test  [7] 
was  used  for  testing  with  the  exception  of  the  contaminant  concen¬ 
trations  that  were  employed.  All  test  pumps  were  subjected  to  a 
break-in  period  based  on  rated  conditions  of  2500  rpm  and  172  bars. 

In  the  wear  tests,  the  pumps  were  operated  at  2000  rpm  and  138  bars. 

The  test  temperature  was  held  constant  at  65.5°C.  The  initial 
flow  of  the  pump  was  accurately  measured  and  then  the  pump  was 
exposed  to  the  desired  concentration  of  contaminant  (25,  150,  or 
300  mg/litre)  that  had  been  classified  to  a  particle  size  range 
of  0-5  micrometres.  The  pump  was  operated  at  this  entrained  con¬ 
tamination  level  until  the  flow  remained  constant  for  10  min  or 
until  a  total  of  30  min  had  elapsed.  At  this  time,  a  fluid  sample 
was  extracted  from  the  system  for  Ferrographic  analysis,  and  the 
control  or  background  filters  were  valved  into  the  main  system.  The 
filtering  system  was  used  for  10  min  after  which  the  filtering 
subsystem  was  removed  and  the  next  particle  size  range  was  injected. 

The  procedure  was  repeated  sequentially  for  0-10,  0-20,  0-30,  0-40, 
0-50,  0-60,  0-70,  and  0-80  micrometre  particle  size  ranges  or  until 
the  flow  of  the  pump  had  decreased  a  total  of  30%  or  more. 

The  samples  extracted  from  the  test  system  were  analyzed 
Ferrographically.  During  preliminary  Ferrographic  analysis 
studies  [9,  10]  of  samples  from  pump  contaminant  sensitivity  tests, 
the  optical  density  at  the  54-mm  location  was  found  to  be  the  most 
responsive  to  the  wearing  process  accelerated  by  the  entrained 
contamination.  Therefore,  Ferrograms  were  made  from  each  sample, 
and  the  optical  density  was  measured  at  the  54-mm  position.  This 
value  was  then  normalized  to  reflect  the  concentration  of  wear 
debris  in  1  m %  of  sample  fluid.  When  a  sample  is  only  slightly 
concentrated  with  debris,  several  millilitres  of  the  fluid  may  be 
utilized  in  preparing  the  Ferrogram.  On  the  other  hand,  for  heavily 
laden  samples,  only  a  fraction  of  a  millilitre  is  required.  There¬ 
fore,  the  normalization  to  a  unit  volume  of  sample  fluid  is  necessary 
for  comparison  purposes. 

Flou)  Degradation  Test  Results 

Because  output  flow  after  each  contaminant  exposure  was 
accurately  measured  during  the  testing  program,  the  results  could 
be  modeled  both  as  a  function  of  particle  size  range  and  concentration. 
The  flow  readings  were  made  using  a  turbine-type  meter  carefully 
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calibrated. 


TABLE  I.  SUMMARY  OF  FLOW  DEGRADATION  DATA. 


CONT. 

LEVEL 

FLOW  DEGRADATION  AFTER  INDICATED  EXPOSURE,  AQ  (6pm) 

(mg/6) 

0-5 

0-10 

0-20 

0-30 

0-40 

0-50 

0-60 

0-70 

0-80 

25 

— 

— 

— 

— 

0.76 

1.02 

1.59 

2.04 

2.76 

150 

— 

— 

0.83 

2.61 

5.34 

7.34 

10.94 

13.40 

16.12 

300 

— 

— 

1.93 

5.90 

10.86 

13.82 

19.68 

— 

— 

The  flow  degradation  data  obtained  in  the  various  tests  are  summarized 
in  Table  1.  The  numbers  within  the  table  are  total  flow 
change  after  the  particular  exposure.  For  example,  after  exposure 
at  150  mg/«.  of  0-40  particle  size  range,  the  flow  rate  from  the  pump 
was  5.34  tpm  less  than  it  was  before  any  contaminant  had  been  injected 
into  the  system.  The  numbers  represent  total  flow  loss  and  not  the 
loss  for  the  particular  exposure  under  consideration. 


TABLE  II.  SUMMARY  OF  EQUATIONS  FOR  FLOW  DEGRADATION. 


The  flow  degradation  data  shown  in  Table  1  can  be  reduced  to 
a  functional  relationship  by  a  least-squares  data-fit  program,  pro¬ 
ducing  the  flow  degradation  equation.  Table  2.  The  general  relation¬ 
ship  that  describes  flow  degradation  as  a  function  of  the  particle 
size  range  is  the  classical  power  function.  The  variable  represented 
by  D  in  the  equations  shown  in  Table  2  is  the  particle  size  range 
where  D  is  the  upper  limit  of  the  range.  For  example,  for  a  particle 
size  range  of  0-20  micrometres,  D  would  be  20. 

Note  that  the  coefficient  of  the  power  function  is  obviously 
some  function  of  the  concentration.  The  general  power  function 
used  for  the  equations  of  Table  2  can  be  written: 

AQ  s  bD*  (1) 


where:  AQ  =  total  flow  degradation,  b  =  coefficient  (some  function 
of  concentration),  X  =  exponent  =  1.88,  D  =  upptr  limit  of  the  particle 
size  range.  A  plot  can  be  made  to  evaluate  the  coefficient.  Fig.  1. 
This  figure  illutstrates  that  the  coefficient  of  the  flow  degradation 
equation  is  an  excellent  linear  function  of  the  concentration,  the 
best-fit  equation  (least  squares)  for  the  function  can  be  written: 

b  s3.2  x  10”5C  (2) 

where:  C  =  contaminant  concentration  (mg/litre). 

Thus,  the  complete  equation  describing  the  flow  degradation  data 
requires  that  Eq.  (1)  and  Eq.  (2)  be  combined: 

AQ  *  3.2  x  10"8C  D1,88  (3) 

Fig.  2  is  a  graphical  illustration  of  Eq.  (3)  as  well  as 
all  of  the  data  shown  in  Table  1.  The  flow  degradation  model  as 
represented  by  Eq.  (3)  is  an  excellent  fit  to  the  measured  data. 
However,  to  develop  a  function  that  relates  Ferrographic  density 
to  flow  degradation,  an  equation  similar  to  Eq.  (3)  must  be  de¬ 
veloped  for  the  Ferrographic  data. 

Ferrogrdhic  Density  Test  Results 

In  conducting  a  contaminant  sensitivity  test,  the  pump  is 
subjected  to  the  various  particle  size  ranges  of  contaminant  on  a 
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COEFFICIENT  OF  FLOW  DEGRADATION  EQUATION 


1.4  x  10 


1.2  x  10 


1.0  x  10 


8x  10  3 


6  x  10~3 


4  x  10'  3 


2  x  10~3 


0 


Fig.  1.  Coefficient  of  Flow  Degradation  F unction  vj.  Contamination  Level. 
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FLOW  DEGRADATION  IAQ)  -  LPM 


% 


Fig.  2.  Flow  Degradation  vs.  Particle  Size  Range  for  Various  Concentrations. 
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sequential  basis.  Therefore,  the  total  wear  of  the  pump  is  the 
summation  of  the  wear  caused  by  each  and  every  particle  size  range 
that  has  been  injected.  After  each  exposure,  the  pump  wear  as 
expressed  by  flow  degradation  is  the  result  of  not  only  the  most 
recent  exposure  but  every  preceding  injection.  For  example,  the 
change  in  clearances  of  the  pump  after  it  has  been  exposed  to,  say, 
0-20-micrometre  particle  size  range  is  the  sum  of  the  increases 
due  to  0-5,  0-10,  and  0-20.  Because  the  flow  degradation  will  be 
a  function  of  the  total  clearance  change,  the  Ferrographic  data 
must  be  related  in  a  similar  manner  to  obtain  a  meaningful 
correlation. 

If  the  amount  of  wear  debris  generated  during  the  test  is 
proportional  to  the  increase  in  pump  clearance,  the  Ferrographic 
density  must  be  summed  over  particle  size  range  to  be  on  the  same 
basis  as  the  flow  degradation.  Furthermore,  to  obtain  the  most 
accurate  Ferrographic  density  data,  various  fluid  volumes  were 
utilized,  depending  upon  the  debris  concentration  in  the  sample  [10]. 
Therefore,  the  Ferrographic  density  values  must  be  divided  by  the 
volume  used  to  be  comparable.  In  this  case,  all  Ferrographic  data 
have  been  normalized  to  1  m«,  of  sample  fluid. 


TABLE  III.  SUMMARY  OF  FERROGRAPHIC  DENSITY  DATA. 


Cont. 

Level 

Ferrographic  Density  After  Indicated  Exposure 

,y^D54/mfi 

(mg/8) 

Q 

0-10 

ESI 

0-30 

0-40 

0-50 

■ 

0-70 

0-80 

25 

1.75 

4.28 

!  i 

8.21 

11.46 

16.18 

19.68 

24.36 

28.20 

34.40 

150 

8.40 

19.00 

47.67 

77.17 

118.34 

141.17 

174.47 

201.30 

236.63 

300 

19.20 

42.75 

m 

152.40 

218.40 

304.65 

378.82 

1 

1 

1 

1 

1 

1 

The  Ferrographic  data  obtained  from  these  pump  tests  are 
presented  in  Table  3,  where  the  D54  density  values  have  been 
accumulated  over  particle  size  range  and  normalized  to  Ime,  as 
indicated  by  z  D54/nu.  The  data  shown  in  Table  3  can  be  reduced 
to  a  functional  form  in  a  manner  similar  to  that  used  for  flow 
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TABLE  IV.  SUMMARY  OF  EQUATIONS  FOR  FERROGRAPHIC  DATA. 


Cont.  Level 
(mg/Y) 

Equation 

25 

£d54/ML  =  0.25D1-13 

150 

^D54/ML  =  1.57D1-13 

300 

£d54/ML  =  3.29D1-13 

degradation  data.  Preliminary  efforts  [11,  12]  have  indicated  the 
Ferrographic  density  is  also  best  described  by  a  power  function. 

The  best-fit  (least  squares)  equations  for  the  Ferrographic  data 
are  shown  in  Table  4.  Here  again,  it  is  easy  to  see  that  the 
coefficient  of  the  power  function  that  describes  the  Ferrographic 
data  is  some  function  of  the  contaminant  concentration. 

Fig.  3  shows  a  plot  of  the  coefficient  from  the  power 
function  describing  the  Ferrographic  data  vs  the  contaminant  con¬ 
centration  used.  This  coefficient  is  as  good  a  linear  function  of 
concentration  as  one  would  hope  to  find.  The  equation  produced  by 
a  least-squares  curve  fit  to  the  data  graphically  illustrated  in 
Fig.  3  can  be  written: 

Os.011C  (4) 

where:  a  =  coefficient  of  the  Ferrographic  power  function. 

Substituting  Eq.  (4)  into  the  equations  given  in  Table  4  pro¬ 
duces  a  single  relationship  for  the  Ferrographic  data: 

2  054 /ml  *  0.011CD1 13  (5) 

Fig.  4  is  a  graphical  representation  of  Eq.  (5)  as  well  as  all 
of  the  data  given  in  Table  3.  As  was  the  case  with  the  flow  de¬ 
gradation  model,  the  Ferrographic  model  given  by  Eq.  (5)  is  an 
excellent  fit  to  the  recorded  data.  Now  that  a  model  for  both 
flow  degradation  and  Ferrographic  density  has  been  derived  as  a 
function  of  both  contaminant  concentration  and  particle  size 
range,  a  relationship  for  flow  degradation  as  a  function  of 
Ferrographic  density  can  be  derived. 
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CORRELATION  aQ  vs  zD54/m«, 


Both  Eq.  (3)  and  Eq.  (5)  can  be  solved  for  particle  size 
range  D: 


=  [ - — - 1 

L  3.2  x  10“5C  J 


1/1.88 


(6) 


p_r  2)  D  54/ml  1 1/113 

L  0.011C  J 


Then,  these  two  equations,  Eq.  (6)  and  (7),  can  be  equal: 


Aq 


3.2  x  10"^ 


1/1.88 

4 


SD54/ml 
0.011  C 


1/1.13 


(7) 


(8) 


Reducing  Eq.  (8)  produces  the  following  relationship: 

AQ  *  0.061C'°**(Z  D54/ml),#*  (9) 

Eq.  (9)  is  the  correlation  that  will  provide  the  breakthrough 
necessary  to  conduct  pump  contaminant  sensitivity  tests  at  any 
contaminant  level  but  still  refer  the  data  back  to  a  300  mg / i  base. 
Fig.  5  graphically  illustrated  the  functional  relationship  as  given 
by  Eq.  (9).  In  addition,  the  corresponding  data  from  Tables  1 
and  3  are  shown  to  indicate  the  exactness  of  the  model  fit. 

There  has  always  been  criticism  of  the  pump  contaminant 
sensitivity  test  because  of  the  relatively  high  concentration 
required.  Now,  for  the  first  time,  a  way  has  been  found  to  reduce 
the  contamination  level  of  the  test  without  losing  any  of  its 
sensitivity. 

Probably  the  greatest  advantage  that  can  be  attained  by 
low  concentration  contaminant  sensitivity  testing  of  components, 
lies  in  the  greatly  reduced  destruction.  In  examining  Table  1, 
note  that  the  test  had  to  be  stopped  after  0-60  exposure  when 
300  mg/£  was  used:  and,  at  that  point,  the  leakage  had  increased 
by  19.68  tpm.  However,  when  using  150  mg/t,  the  total  leakage 
increase  was  only  about  16  tpm  after  0-80.  Furthermore,  when 
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COEFFICIENT  OF  FERROGRAPHIC  EQUATION 


DENSITY  ->  D54/ML 


K9 


BWHWHSK!".. 


1.0  10.0  100.0 

PARTICLE  SIZE  RANGE  (0  O)  - 

Fiq  4.  Ferrograpfnc  Density  *».  Particle  Sire  Range  for  Various  Concentrations 
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25  mg/i  concentration  was  utilized,  only  about  3  tpm  increase  had 
been  observed  after  the  0-80  exposure.  Almost  seven  tests  through 
0-80  cound  be  conducted  on  one  pump  at  25  mg/2  to  reach  the  same 
total  flow  degradation  at  0-60  in  one  test  at  300  rng/t.  Thus, 
several  tests  could  be  conducted  using  one  pump  at  the  reduced 
concentration. 

Hydrostatic  Transmission 

The  objective  of  this  project  was  to  evaluate  a  hydrostatic 
transmission.  In  certain  applications,  the  wear  rate  in  this  system 
was  apparently  sufficient  to  cause  premature  failure.  Examination 
of  the  internal  surfaces  of  a  failed  transmission  revealed  disastrous 
wear  at  the  cylinder  block/backplate  interface  and  the  piston  shoe/ 
swashplate  area.  Therefore,  a  plan  of  attack  was  devised  in  which 
wear  information  and  duty  cycle  data  were  collected  while  the  vehicle 
was  operating  in  three  different  environments. 

It  was  felt  that  the  three  test  conditions  would  provide 
data  which  could  be  used  to  assess  the  severity  of  the  terrain, 
the  contamination  levels  of  the  transmission  system,  and  the  con¬ 
centration  of  wear  debris  generated  within  the  pump/motor  system. 

Two  of  these  tests  were  conducted  with  the  vehicle  operating  in 
an  actual  field  application.  The  difference  between  the  two 
test  runs  was  that  one  was  considered  "level"  terrain  operation, 
while  the  other  was  deemed  to  be  "rough"  terrain.  The  third  test 
was  conducted  on  a  test  track. 

Each  of  the  three  tests  had  a  duration  of  ten  hours.  Fluid 
samples  were  extracted  every  hour  during  each  of  the  tests.  These 
samples  were  analyzed  to  obtain  the  contamination  level  through 
the  use  of  an  automatic  liquid  particle  counter  calibrated  per  ISO 
approved  procedures.  In  addition,  the  samples  were  evaluated 
Ferrographically  to  obtain  wear  data. 

The  operation  of  the  unit  during  the  track  test  is  shown 
in  Fig.  6.  According  to  this  driving  procedure,  the  vehicle  makes 
two  540°Qturns  -  one  to  the  left  and  one  to  the  right.  In  addition, 
four  180u  turns  are  executed  -  two  left  and  two  right.  Finally, 
there  are  eight  90°  turns  -  four  left  and  four  right.  The  terrain 
is  level,  and  the  surface  is  hard-packed  gravel. 

Ferrographic  Results 

The  results  of  the  Ferrographic  analyses  performed  on  samples 
extracted  from  the  case  drain  of  the  pump  which  supplies  oil  to  the 
right-wheel  motor  are  given  in  Fig.  7,  while  that  for  the  left-wheel 
drive  pump  is  shown  in  Fig.  8.  The  numerical  data  are  tabulated  in 
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PUMP  FOR  RIGHT  WHEEL  DRIVE 


A  TEST  TRACK 
O  ROUGH  TERRAIN 
O  LEVEL  TERRAIN 


A  \  A 

\^TRACK 


rcSjgh 


LEVEL 


TEST  TIME -HOURS 

Fig.  7  Results  of  Ferrographic  Analysis  for  Right  Wheel 
Drive  Pump. 


FERROGRAPHIC  DENSITY  D54/ml 


Fig. 


8  Results  of  Ferrographic  Analysis  for  Left  Wheel  Drive  Pump. 
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Appendix  D.  Both  of  the  figures  illustrate  the  graphical  relation¬ 
ship  between  the  Ferrographic  density  at  the  54 mm  position  on  the 
Ferrogram  and  the  test  time  when  the  samples  were  taken. 

In  general,  it  must  be  concluded  that  the  wear  in  the  trans¬ 
mission  while  operating  in  rough-terrain  is  only  slightly  higher 
than  observed  during  level  terrain  operation.  On  the  other  hand, 
the  amount  of  wear  debris  entrained  in  the  case-drain  oil  was 
significantly  higher  during  the  track  test  than  either  rough  or 
level  operation.  The  density  at  54  mm  was  chosen  for  this  in¬ 
terpretation  because  other  tests  have  shown  that  this  value  correlates 
well  with  the  actual  wear  process.  It  is  felt  that  the  rapid  in¬ 
crease  in  density  reading  during  the  track  test  after  about  eight 
hours  is  indicative  of  an  imminent  failure,  probably  in  the  left- 
wheel  drive  system. 

The  system  was  such  that  the  leakage  oil  from  the  left  pump 
actually  flows  into  the  right  pump  case  and  is  relieved  from  there. 

This  means  that  the  wear  debris  from  either  system  will  be  entrained 
in  the  case  drain  oil  taken  from  the  right-wheel  drive  pump.  There¬ 
fore,  the  wear  debris  observed  from  the  right  pump  should  be  higher 
than  that  from  the  left  pump.  In  reviewing  the  data  shown  in  the 
figures,  it  can  be  seen  that  the  debris  measurements  from  case  drain 
oil  of  the  right  pump  are  not  significantly  different  from  those 
of  the  left  pump.  This  could  mean  that  most  of  the  wear  debris 
is  generated  from  the  left  drive  system  or  that  the  fluid  communication 
obscures  the  differences  between  the  two  systems. 

The  results  of  the  tests  presented  in  this  report  reveal 
very  little  difference  between  what  was  termed  level  -  and  rough- 
terrain  operation.  The  duty  cycles  are  not  significantly  different, 
nor  is  the  wear  rate  significantly  higher  in  one  than  the  other. 

The  Ferrographic  density  values  were  slightly  higher  in  the  rough- 
terrain  operation,  but  the  difference  was  not  of  a  sufficient  mag¬ 
nitude  to  be  impressive. 

The  closed-loop  pressures  during  the  test  track  operation 
were  considerably  different  than  those  for  field  operation.  The 
maximum  pressure  observed  was  very  high  indicating  the  severity 
of  the  turns.  However,  the  system  pressure  level  was  below  500  psi 
for  a  large  percentage  of  time,  indicating  the  level,  hard-packed 
characteristic  of  the  track.  The  case  drain  temperature  during 
the  track  test  showed  that  some  very  high  temperatures  were  en¬ 
countered.  Depending  upon  the  characteristics  of  the  hydraulic 
oil,  these  high  temperatures  could  account  for  the  increase  in 
wear  rate  observed  during  track  testing. 

The  particle  count  data  revealed  excellent  control  of  the 
contamination  level.  The  system  filter  was  able  to  clean  up  the 
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system  rapidly  following  the  oil  change  and  the  system  failure. 

The  magnitude  of  the  particle  counts  after  the  component  failure 
was  quite  high.  It  would  probably  be  good  practice  to  initiate 
a  system  cleanup  following  any  failure  and  subsequent  to  actually 
placing  the  system  in  service. 

Overall,  it  is  felt  that  the  data  acquired  during  these 
tests  are  excellent.  They  reveal  the  duty  cycle  which  can  be  ex¬ 
pected  when  operating  the  transmission  in  field  service  and  provide 
a  comparison  of  that  duty  and  the  test  track  operation.  In  general, 
the  wear  rates  are  useful  from  a  comparative  standpoint.  That  is, 
little  data  are  available  on  actual  wear  debris  concentrations 
from  hydrostatic  transmissions.  However,  the  values  of  density 
measured  can  be  compared  between  types  of  operation  and  on  a  trend 
basis  to  indicate  potential  failures.  For  example,  the  rapid 
increase  in  debris  concentration  after  eight  hours  of  track  operation 
definitely  indicates  a  disastrous  change  in  the  wear  rates.  This 
can  be  observed  from  trend  analysis. 

Other  Selected  Systems 

Evaluations  were  conducted  on  five  different  selected  systems, 
which  included  two  complete  vehicle  systems,  one  steering  system, 
one  auxiliary  hydraulic  functions  system,  and  one  transmission 
lubrication  system.  Each  will  be  discussed  individually,  with  the 
findings  and  conclusions  from  all  five  studies  resummarized  at  the 
end. 

System  One  -  Complete  Vehicle  Hydraulic  System 

System  One  involved  analysis  of  a  complete  agricultural 
tractor  hydraulic  system.  Such  functions  as  power  assisted  steer¬ 
ing,  transmission  cooling  and  lubrication,  and  hydraulic  lift  assist 
are  included,  as  well  as  numerous  other  auxiliary  hydraulic  sub¬ 
systems  inherent  to  the  particular  vehicle  design.  Oil  samples 
were  taken  just  upstream  of  the  main  filter  to  allow  collection  of 
wear  debris  generated  throughout  the  system.  The  sampling  period 
for  this  vehicle  encompassed  approximately  the  first  1000  operating 
hours  after  assembly  completion.  Thus,  close  data  inspection  should 
also  indicate  field  break-in  characteristics  of  the  vehicle. 

Figure  9  indicates  the  Ferrographic  D54  density  values. 

Most  obvious  in  Fig.  9  is  the  extremely  high  initial  density  reading. 
Initial  vehicle  shake  down  was  conducted  prior  to  this  reading, 
and  would  account  for  the  high  results.  Many  normal  rubbing  wear 
particles  (1-10  urn  in  size)  and  severe  wear  particles  (approximately 
20  urn)  were  present  in  this  Ferrogram.  However,  with  a  filter 
replacement  made  prior  to  the  second  sample,  the  magnitude  of  the 
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density  value  recorded  dropped  substantially. 


The  second  pronounced  peak  in  density  readings  occurs  at 
approximately  700  hours.  This  sample  was  recorded  during  a  sub¬ 
stantial  increase  in  vehicle  loading,  with  approximately  50%  of 
the  operating  hours  between  600  and  700  hours  occurring  at  100% 
load  and  the  remaining  50%  at  70  to  80%  vehicle  load.  Again, 
heavy  amounts  of  severe  wear  particles  are  present  in  the  Ferrogram. 
However,  numerous  metallic  spheres  were  also  recorded  throughout 
with  the  majority  near  the  exit  end  (indicating  very  small  and/or 
high  alloy  material).  The  combination  of  severe  wear  and  spherical 
particles  is  indicative  of  fatigue  cracks  located  in  rolling  bearings, 
and  in  this  case,  most  likely  made  of  a  high  alloy  material. 

Investigation  into  the  type  of  debris  present  throughout 
the  evaluation  period  indicates  several  system  changes.  Evidence 
of  oxidation  through  the  presence  of  black  and  orange  colored 
particles,  and  surface  heating  were  evident  generally  after  500 
hours.  At  approximately  800  hours, fibrous  particles  began  appear¬ 
ing  on  the  Ferrograms.  The  presence  of  corrosion  or  oil  breakdown 
due  to  heat  is  again  evident  at  950  hours,  with  increasing  severity 
noted  at  the  final  sampling  (approx.  1020  hours). 

In  an  overall  assessment  of  the  hydraulic  system  state, 
the  Ferrographic  analysis  indicates  the  degradation  of  some  com¬ 
ponent  part  consisting  of  a  fibrous  material  in  contact  with 
ferrous  particles,  possibly  brake  or  clutch  disk  facings.  Secondly, 
the  presence  of  an  increasing  number  of  tempered,  oxidized,  and 
corroded  particles  in  the  last  three  samples  could  possibly  be 
identifying  a  breakdown  of  the  hydraulic  oil,  and  more  specifically 
the  additive  package  for  that  particular  oil  specification.  Finally, 
the  application  of  heavy  system  loading  (80-100%)  generates  large 
amounts  of  spherical  severe  wear  particles  identifying  the  presence 
of  fatigue  cracks  in  rolling  bearing  surfaces.  Recommendations 
for  system  maintenance  would  include  replacement  of  system  fluid 
and  filter,  and  inspection  of  clutch  or  brake  disk  facings. 

System  Two  -  Complete  Vehicle  Hydraulic  System 

Vehicle  System  Two  again  involves  the  evaluation  of  an 
agricultural  tractor  hydraulic  system.  As  in  System  One,  all  on¬ 
board  hydraulic  functions  as  well  as  any  remote  connect  systems 
were  analyzfed  by  samples  taken  just  upstream  of  the  main  filter. 

The  time  period  for  sampling  encompassed  500  hours,  with  the  first 
sample  taken  approximately  50  hours  after  initial  vehicle  shakedown. 

Fig.  10  is  the  Ferrographic  D54  density  reading  for  each 
sample.  Much  in  evidence  is  the  extremely  high  density  readings 
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obtained  for  this  vehicle. 

As  in  System  One,  high  initial  D54  density  readings  were 
measured  during  the  first  100  hours  of  operation.  Again  this  would 
seem  to  show  the  effects  of  vehicle  break-in  during  initial  operation 
at  typical  field  contaminant  ingression  levels.  Fig.  11  indicates 
the  per  cent  of  total  operating  time  at  60,  70,  and  90  per  cent 
vehicle  load.  These  curves  indicate  that  approximately  90%  of 
the  total  operating  time  (after  200  hours)  occurred  between  60 
to  70  per  cent  of  full  vehicle  loading.  In  relation  to  D54  read¬ 
ings,  a  dramatic  increase  in  wear  debris  at  this  time  is  also  ob¬ 
served.  Particle  inspection  indicated  moderate  to  heavy  amounts 
of  fatigue  chunks  present  (typical  gear  surface  fatigue).  Thus, 
the  gears  used  for  60  to  70  per  cent  vehicle  loading  during  field 
operation  most  likely  are  the  source  of  the  wear  debris  generation. 

A  fibrous  material  of  some  sort  begins  appearing  after 
approximately  200  hours.  The  increasing  frequency  and  magnitude 
of  these  as  operation  continues  would  seem  to  indicate  a  growing 
ineffectiveness  of  the  system  filter  element. 

A  general  assessment  of  the  internal  system  state  indicates 
an  impending  failure.  The  areas  of  concern  would  be  in  the  trans¬ 
mission  for  the  gearing  that  supplies  the  60  to  70  per  cent  power 
range.  Also,  any  fiber  containing  components  (clutch  and/or  brake 
disks)  are  suspect  to  failure.  It  is  also  recommended  that  the 
system  filter  and  oil  be  replaced  as  soon  as  possible. 

System  Three  -  Hydraulic  Steering  System 

The  third  system  to  be  analyzed  limits  its  size  to  include 
just  the  hydraulic  steering  sub-system  of  a  field  test  vehicle. 

This  system  is  independent  of  the  hydraulic  functions  provided 
on  the  vehicle,  therefore  allowing  the  hydraulic  fluid  to  possess 
the  characteristics  of  only  the  wear  debris  generated  and  contaminant 
ingressed  into  the  steering  system  itself.  Samples  again  were 
removed  just  upstream  of  the  filter  element  and  taken  over  a  period 
of  approximately  1000  hours.  The  initial  reading  was  recorded 
at  300  hours. 

Fig.  12  shows  the  D54  density  readinqs  obtained  from  this 
system.  Since  no  vehicle  load  history  was  available,  only  correlation 
to  servicing  and  noted  failures  will  be  possible.  First,  the  ex¬ 
tremely  low  density  readings  are  justified  by  the  high  safety  and 
reliability  factors  involved  in  a  steering  system.  Therefore,  minor 
density  increases  (1  to  2  units  per  ml)  in  this  system  could  mean 
impending  failure.  This  fact  is  illustrated  by  the  rise  and  peak 
between  400  and  500  hours.  A  failure  was  recorded  at  approximately 
500  hours,  and  with  component (s)  replacement  and  system  clean-up 
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(filter  and  oil  change)  the  readings  declined.  Particle  analysis 
prior  to  this  failure  indicated  the  presence  of  fairly  high  alloy 
metal  wear  particles  in  moderate  amounts.  Also  observed  were  crystals 
(silica  possibly)  of  all  sizes  and  colors,  again  in  moderate  amounts. 

The  second  prominent  peak  at  800  hours  was  characterized  by 
heavy  amounts  of  laminar  particles  and  spheres,  with  some  approxi¬ 
mately  20-25  micrometres  in  size.  This  suggests  possible  bearing 
fatigue  beginning  within  the  system.  Indications  of  some  sur¬ 
face  heating  due  to  the  presence  of  iridescent  particle  coloring 
were  also  noted  throughout  the  period. 

Observed  throughout  the  entire  monitoring  period  was  the 
presence  of  web-like  or  jelly-like  substances  within  the  samples. 

This  is  a  possible  indication  of  a  breakdown  in  the  hydraulic 
fluid  additive  package  or  the  presence  of  water  within  the  system 
thus  affecting  a  barium  additive. 

Assessment  of  System  Three  suggests  the  wearing  rate  to 
be  leveling  off  as  indicated  in  the  density  readings  after  1000 
hours  (Fig.  12).  Points  of  possible  concern  are  parts  with  high 
alloy  metals  and  the  problems  associated  with  breakdown  in  the 
oil  additive  package.  Recommendations  are  for  replacement  of  the 
hydraulic  fluid  and  improvement  of  the  contaminant  ingression  level 
(check  system  sealing). 

System  Four  -  Transmission  Lubrication  System 

The  fourth  system  analysis  was  conducted  on  a  vehicle  trans¬ 
mission  lubrication  system.  As  with  the  hydraulic  steering  system, 
this  lubrication  system  is  also  independent  of  the  other  hydraulic 
functions  present  on  the  vehicle,  thus  allowing  isolation  on  the 
wear  debris  generated  by  the  transmission  and  related  lubrication 
circuit.  The  evaluation  period  ran  from  300  to  1350  hours,  with 
samples  drawn  approximately  every  50  hours  just  upstream  of  the 
filter. 


Fig.  13  indicates  the  D54  density  data  recorded  during 
the  evaluation.  Again,  no  vehicle  load  history  is  available. 
Therefore,  discussion  of  the  wear  generation  will  be  centered 
around  the  type  of  particles  present.  The  pronounced  drop  of  054 
density  values  after  500  hours  is  due  primarily  to  a  filter  re¬ 
placement  and  oil  change  at  this  time.  Prior  to  500  hours,  initial 
exposure  to  field  ingression  produced  a  "field  break-in"  period 
which  resulted  in  initially  high  wear  rates.  The  filter  and  oil 
replacement  removed  most  of  this  debris,  allowing  the  system  to 
operate  at  a  "normal"  wear  level  as  indicated  after  approximately 
600  hours. 
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The  type  of  wear  observed  indicates  a  heavy  amount  of  severe 
wear  particles  (due  to  rubbing)  throughout  the  entire  sampling 
period.  These  particles  are  ferrous  in  nature  and  appear  both 
with  striations  and  pitting.  Early  samples  (before  700  hours) 
show  the  presence  of  a  non-ferrous  material,  possibly  aluminum. 
However,  the  frequency  decreases  after  700  hours.  Similar  to 
the  steering  system,  a  web-like  or  jelly-like  substance  is  present 
in  readings  after  600  hours.  The  magnitude  of  this  material  varies, 
but  is  consistently  observed. 

Evaluation  of  the  wearing  condition  in  this  transmission 
lubrication  system  would  seem  to  identify  a  normal  wear  mode  en¬ 
countered  by  vehicle  transmission.  The  relatively  constant  D54 
density  readings  around  two  units  per  millilitre,  as  well  as  the 
presence  of  the  same  type  and  magnitude  of  particles  throughout 
the  sampling  period,  verify  this.  Abnormal  rises  in  future  samples 
would  warrant  inspection  of  transmission  components.  It  is  suggested 
that  an  analysis  of  the  web-like  substance  in  these  samples  be  con¬ 
ducted.  A  decrease  in  filter  life  due  to  this  material  is  quite 
possible,  as  well  as  its  effect  on  wear  rates  if  this  is  a  break¬ 
down  in  a  wear  additive. 

System  Five  -  Auxiliary  Hydraulics  System 

The  final  system  to  be  analyzed  involves  the  auxiliary 
hydraulic  functions  available  on  a  field  operated  agricultural 
tractor.  Again  separated  from  the  other  vehicle  hydraulic  functions, 
the  samples  taken  for  this  analysis  reflect  the  wear  debris  gen¬ 
erated  throughout  these  functions  as  well  as  the  pumps  supplying 
the  power.  The  initial  sample  was  taken  at  300  hours,  with  periodic 
sampling  conducted  for  the  next  1000  hours. 

Fig.  14  illustrates  the  recorded  D54  density  data  for  the 
testing  period  monitored.  As  has  been  typical  of  each  system  so 
far,  the  range  of  density  magnitudes  for  this  system  is  different 
from  the  other  system  levels.  Thus,  comparison  of  different 
hydraulic  systems  in  relation  to  their  wear  status  is  generally 
difficult  to  obtain.  The  indicated  extreme  density  readings  re¬ 
corded  after  600  hours  are  somewhat  misrepresented.  Large  amounts 
of  the  same  web-like  (jelly-like)  substance,  which  were  also 
present  in  Systems  Three  and  Four,  are  located  throughout  these 
Ferrograms  dnd  are  significantly  altering  the  measured  density 
readings.  However,  through  visual  analysis  of  the  debris  present, 
a  moderate  increase  from  the  early  readings  (before  600  hours) 
is  evidenced,  approximately  to  the  extent  shown  by  the  dashed  line 
in  Fig.  14. 

The  effect  of  this  webbed  substance  on  filter  efficiency 
is  most  pronounced  by  the  high  recorded  D54  density  readings  as 
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well  as  the  particle  counts.  A  replacement  element  was  installed 
at  approximately  900  hours,  and  the  resulting  system  clean-up  is 
shown  in  Fig.  14.  Suspecting  this  substance  is  due  to  a  break¬ 
down  in  the  oil  additive  package,  its  affect  on  lubrication  within 
the  system  is  also  observed  by  the  presence  of  corrosive  particles 
(mostly  rust)  and  extreme  surface  heat  which  were  present  through¬ 
out  the  sampling  period. 

The  main  type  of  wear  debris  monitored  during  system  operation 
indicates  periodically  heavy  amounts  of  severe  wear  particles 
present.  However,  except  for  a  short  period  of  moderate  amounts 
of  laminar  particles  (indicating  wear  in  rolling  bearing  devices), 
this  seems  to  be  a  normal  operating  condition  for  the  system. 

The  observed  internal  state  for  System  Five  definitely  in¬ 
dicates  the  need  for  a  complete  oil  and  filter  change.  Due  to 
the  repetitive  nature  of  the  suspected  additive  breakdown  in  three 
evaluated  systems,  it  is  recommended  that  this  oil  be  analyzed 
for  the  true  nature  of  the  webbed  substance.  The  presence  of  severe 
surface  heating  and  rust  particles  are  most  likely  due  to  to  the 
failure  of  the  oil  to  adequately  protect  the  system.  However, 
an  inspection  for  possible  pump  scoring  and  system  exposure  to 
water  is  suggested. 

Swrmary  of  System  Findings 

System  One  -  Complete  Vehicle  System 

The  presence  of  fibrous  material  in  these  samples  indicate 
a  possible  breakdown  of  brake  or  clutch  disk  facings.  Also  ob¬ 
served  were  a  number  of  tempered,  oxidized,  and  corroded  particles 
in  the  final  three  samples,  suggesting  a  breakdown  of  the  oil 
lubricating  characteristics.  And  finally,  the  presence  of  large 
amounts  of  spherical  severe  wear  particles  during  system  loading 
at  approximately  80  to  100%  suggests  fatigue  cracks  generating 
in  rolling  bearing  surfaces.  System  evaluation  suggests  re¬ 
placement  of  system  oil  and  the  filter  element  be  made,  with  vehicle 
brake  or  clutch  disks  cited  as  possible  source  of  impending  failure. 

System  Two  -  Complete  Vehicle  System 

The  presence  of  fatigue  chunks  in  large  amounts  occurring 
during  operation  at  60  to  70  per  cent  of  vehicle  loading  suggests 
possible  failure  of  gearing  for  that  operating  range.  As  in  the 
previous  system,  the  fibers  present  warrant  an  inspection  of  clutch 
and/or  brake  disks.  Recommendations  include  system  clean-up  through 
oil  and  filter  replacement  as  soon  as  possible. 
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System  Three  -  Hydraulic  Steering  System 


Assessment  of  system  indicates  a  generally  constant  wear 
condition  after  an  initial  failure.  Some  presence  of  high  alloy 
metal  wear  was  observed,  as  well  as  problems  associated  with  a 
possible  breakdown  in  the  oil  additive  package.  It  is  suggested 
that  the  oil  be  removed,  replaced,  and  analyzed.  An  improvement 
of  the  contaminant  ingression  level  is  also  recommended  by  checking 
for  possible  system  sealing  problems. 

System  Four  -  Transmission  Lubrication  System 

Evaluation  of  this  system  indicates  a  relatively  constant 
wearing  process  at  a  fairly  low  density  magnitude.  At  present, 
no  immediate  failures  are  indicated.  However,  if  dramatic  density 
increases  are  indicated,  the  probable  cause  would  most  likely  be 
the  transmission  gearing  due  to  earlier  evidence  of  severe  rubbing 
wear  particles  with  striations  and  pitting.  Indicated  web-like 
substance  (possible  oil  additive  package  breakdown)  in  samples 
warrants  an  analysis  of  this  oil  for  causes.  A  possible  decrease 
in  filter  efficiency  may  also  be  occurring  due  to  clogging  by 
this  substance.  Both  oil  and  filter  element  replacement  are 
desirable. 

System  Five  -  Auxiliary  Hydraulic  System 

The  presence  of  the  web- like  sutstance  in  large  amounts 
is  the  dominant  characteristic.  The  suspected  additive  package 
breakdown  accelerated  the  amount  of  severe  surface  heating  and 
rust  particles  observed  in  the  system  due  to  the  loss  of  adequate 
system  lubrication.  It  is  suggested  that  possible  pump  scoring 
has  occurred.  Inspection  is  also  recommended  for  possible  points 
of  system  exposure  to  moisture.  Again,  recommendation  for  a  complete 
oil  and  filter  element  replacement  and  implementation  of  an  analysis 
of  the  oil  breakdown  is  suggested. 

Conclusions 


The  five  system  evaluations  have  very  clearly  indicated 
the  capabilities  available  through  Ferrographic  Analysis  Techniques. 
In  addition  to  identifying  the  magnitude  and  type  of  wear  debris 
generation  occurring,  correlation  with  system  operation  data  (load 
history,  service  records,  and  system  description)  allowed  isolation 
of  the  possible  source(s)  and  cause  of  wear  without  visual  inspection 
of  the  entire  system  assembly. 

It  has  also  been  shown  that  the  Ferrograph  has  the  ability  to 
record  the  presence  of  non-metal! ic  particles  (fibrous  material) 
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and  breakdowns  in  hydraulic  fluids  (or  fluid  additive  packages) 
which  may  occur  during  system  operation.  While  these  conditions  may 
not  be  directly  related  to  system  wear,  they  do  signify  abnormal 
operation  of  some  component  or  aspect  of  the  system.  Identification 
of  their  cause  and  source  may  prove  to  be  just  as  valuable  in  the 
prevention  of  system  failure  due  to  non-wear  sources. 

The  results  have  indicated  that  direct  system  analysis  is 
possible  and  feasible  for  in-field  evaluations.  As  the  Ferrographlc 
potential  is  realized,  the  possibility  of  manufacturer  installed 
system  sampling  ports  and  scheduled  vehicle  oil  sampling  and  analysis 
may  become  a  standard  maintenance  procedure  for  future  hydraulic 
power  systems. 
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SYSTEM  CONTAMINATION  CONTROL  CONCEPTS 


From  the  preceding  sections,  the  sevejre  component  degradation 
which  results  from  the  presence  of  particulate  contamination  is 
obvious.  The  implication,  therefore,  is  that  control  of  the  par¬ 
ticulate  contamination  -  and  subsequently  the  control  of  wear  debris 
production  -  provides  a  simple  solution  to  the  problem  of  contamination 
initiated  premature  component  or  system  failures.  This  seemingly 
simple  solution  seems  to  become  rather  complex,  however,  when  the 
interaction  of  the  contaminants,  the  components,  and  the  system 
parameters  are  considered. 

Contamination  Control  Balance 

Figure  15  is  a  pictorial  presentation  of  the  interactions 
mentioned  in  the  preceding  paragraphs.  The  concept  presented  in 
the  figure  is  based  on  the  premise  that  the  primary  reason  for  the 
interest  in  contamination  control  is  to  increase  the  contamination 
service  life  of  a  component  or  system.  A  natural  result  of  increased 
service  life  is  increased  reliability  and  availability  and,  perhaps, 
some  maintainability  advantages.  These  factors  are  depicted  simply 
as  hours  in  the  middle  of  the  figure. 

The  contaminant  service  life  is  ultimately  dependent  on 
just  two  factors.  The  first  of  these  is  the  system  contaminant 
level.  The  contaminant  level,  in  turn,  is  a  function  of  the  system 
filtration.  Obviously,  higher  filtration  ratios  (e)  and  flow  rates  (Q) 
are  conducive  to  better  filtration  and  lower  contaminant  levels, 
while  higher  rates  of  ingression  of  particles  (Ri)  have  a  detrimental 
effect  on  those  levels. 

The  second  factor  affecting  the  contamination  service  life 
is  the  contaminant  tolerance  of  the  component  (u>).  Intuitively, 
it  can  be  said  that  u  is  a  function  of  the  wear  resistance  (WR) 
designed  into  the  component  by  judicious  use  of  materials  and  con¬ 
figurations.  This  can  be  demonstrated  readily  by  standard  contamination 
tolerance  of  components  in  general.  These  two  elements,  coupled  with 
the  system  operating  parameters  of  pressure  (P),  temperature  (T),  and 
speed  (N),  are  the  principal  determining  factors  of  u>. 

It  is  now  possible  to  demonstrate  very  simply  from  Fig.  15 
that  higher  flow  rates,  better  filtration  ratios,  better  fluid 
lubricity,  and  more  wear  resistant  materials  combined  with  better 
methods  for  preventing  the  ingression  of  contaminants  and  less 
severe  operating  conditions  will  automatically  result  in  increased 
component  service  life. 


43 


Fig.  15  Contamination  Control  Balance 


Debris  Concentration  in  Terms  of  Hear  Rate 

There  are  three  sources  of  particulate  matter  In  most  fluid 
systems.  Contaminant  particles  can  be  Ingested  by  the  system  from 
the  external  environment,  such  as  through  seals  and  breathers.  In 
addition,  even  with  extreme  care,  manufacturing  residue  can  be 
left  In  the  system  during  fabrication.  Finally,  the  wear  of  com¬ 
ponents  will  Introduce  particles  Into  the  system  -  normally  called 
generated  contaminant. 

Because  a  constant  contamination  addition  from  one  or  all 
of  these  sources  would  cause  a  progressively  Increasing  contamination 
level,  a  filter  Is  used  In  a  hydraulic  system  to  control  the  particle 
concentration.  Therefore,  the  system  filter  Is  a  controller,  just 
as  a  relief  valve  Is  a  pressure  controller.  The  amount  of  con¬ 
taminant  present  In  a  hydraulic  system  Is  a  function  of  the  material 
being  Introduced  and  the  material  being  removed. 

By  assuming  that  the  only  particles  being  added  to  a  fluid 
system  are  produced  by  wear,  a  mathematical  relationship  can  be 
derived  for  the  concentration  of  wear  debris.  Such  an  analytical 
expression  Is  based  upon  a  fundamental  material  balance  [11,  12]. 

On  an  Idealistic  basis,  such  a  balance  could  be  written. 


G,(*)VG(>V,+/g„dt-/gR<«  do) 

where:  6  (t)  *  debris  concentration  at  any  time,  t,  upstream  of 
the  fllte?  (mg/litre).  V  3  system  volume,  G  =  initial  debris 
concentration,  (mg/litre);  g  x  wear  rate  (mg“min),  and  gR  ■  debris 
removal  rate  (mg/mi n). 

Eq.  (10)  can  be  simplified,  however,  because  the  debris 
removal  rate  is  a  function  of  the  efficiency  of  the  filter. 
Therefore: 

9„*(Gt(t)-Gd(t)Q  (ID 


where:  G.  *  debris  concentration  at  any  time,  t,  downstream  of 
filter  (mg/litre),  and  Q  s  flow  through  filter  (lltres/mln). 

and: 

G4(f)*(1-€)Gt(t)  (12) 
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Substituting  Eq.  (12)  Into  Eq.  (11)  and  simplifying  produces: 


gR*«QG#(t)  (13) 

Then,  substituting  Eq.  (13)  into  Eq.  (10)  yields: 

G,(t)V,sG,V,  + J«QG,(t)dt  (14) 

Dividing  through  by  the  system  volume,  V  ,  integrating,  and  re¬ 
arranging  produces  the  differential  equation  that  describes  the 
wear  debris  concentration  in  a  hydraulic  system: 


dGf(t) 

dt 


+  < 


G#(t) 


(15) 


Assuming  the  parameters  of  Eq.  (15)  are  time  invariant,  a  closed 
form  solution  can  be  obtained: 


G#(t)* 


(16) 


This  equation  shows  that  the  final  debris  concentration  achieved 
after  the  system  has  reached  equilibrium  is  directly  proportional 
to  the  wear  rate  and  inversely  proportional  to  the  product  of  the 
filter  efficiency  times  the  flow.  The  speed  at  which  the  debris 
concentration  attains  a  steady  value  is  a  function  of  the  filter 
efficiency  and  the  ratio  of  flow  divided  by  the  system  volume  or 
the  turnover  rate.  Thus,  two  hydraulic  systems  that  have  exactly 
the  same  wear  rate  would  exhibit  different  debris  concentrations 
if  their  filter  efficiencies  were  different. 

Eq.  (16)  can  be  graphically  represented.  Fig.  16.  Here, 
it  was  assumed  that  the  system  was  initially  filled  with  "clean" 
fluid.  Therefore,  the  initial  concentration,  G  ,  was  taken  as 
zero.  In  cases  where  the  system  fluid  contains°significant  amounts 
of  debris  so  that  the  initial  concentration  cannot  be  ignored, 
the  differential  equation  -  Eq.  (15)  -  will  still  apply;  but,  the 
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solution  given  by  Eq.  16  will  not  be  accurate.  The  curve  shown 
in  Fig.  16  has  assumed  a  constant  wear  rate  for  the  system  of 
interest.  In  some  cases,  such  an  assumption  is  not  correct. 

For  example,  new  systems  will  exhibit  a  break-in  period  during 
which  the  internal  surfaces  of  the  components  are  aligning  them¬ 
selves.  The  wear  rate  may  be  quite  high  at  the  beginning  of  this 
period  and  decrease  exponentially  throughout  the  break-in  phenomenon. 
Here  again,  the  differential  equation  -  Eq.  (15)  -  applies,  but 
a  solution  under  this  constraint  will  be  different  than  that  given 
by  Eq.  (16). 

Fluid  Sampling 

Without  a  doubt,  fluid  sampling  is  the  most  important  and 
often  overlooked  aspect  of  fluid  analysis.  To  obtain  a  meaningful 
interpretation  of  a  wear  situation  through  Ferrographic  analysis 
or  any  other  fluid  analysis  technique,  a  representative  sample 
is  necessary.  In  this  case,  representative  means  that  the  con¬ 
tamination  level  in  the  sample  is  the  same  as  the  system  fluid 
during  operation.  Basically,  there  are  three  critical  considera¬ 
tions  in  acquiring  a  representative  fluid;  the  condition  of  the 
container  into  which  the  sample  is  placed,  the  time  the  sample 
is  taken,  and  the  place  from  which  it  is  removed. 

The  degree  of  cleanliness  required  of  the  sample  containers  [13] 
is  associated  with  the  contamination  level  of  the  system  fluid. 

That  is,  if  a  high  concentration  of  contaminant  is  in  the  fluid, 
then  a  small  amount  in  the  container  will  never  be  noticed.  In 
addition,  the  degree  of  cleanliness  of  the  sample  containers  de¬ 
pends  upon  the  type  of  analysis  that  will  be  conducted.  For  example, 
because  the  Ferrograph  is  capable  of  separating  component  wear 
debris  from  environmental  dust,  sane  of  this  dust  in  the  sample 
container  is  of  little  concern.  However,  if  a  particle  count  is  to 
be  made,  such  a  container  would  produce  erroneous  results. 

Basically,  the  International  Organization  for  Standardization 
(ISO)  has  defined  two  simple  types  of  sampling  methods  -  dynamic 
and  static.  Dynamic  fluid  sampling  is  the  extraction  of  a  sample 
of  fluid  from  a  turbulent  section  of  a  flow  stream.  Conversely, 
static  fluid  sampling  is  the  extraction  of  a  sample  of  fluid  from  a 
fluid  at  rest.  Although  a  representative  sample  can  be  obtained 
through  static  sampling  of  the  reservoir  fluid,  great  care  must  be 
taken  to  insure  against  particle  settling.  A  device  for  acquiring 
a  reservoir  sample  is  shown  in  Fig.  17.  The  ISO  recommends  that 
the  dynamic  sampling  method  [14]  be  employed  to  obtain  a  represen¬ 
tative  sample.  A  typical  field-type  sampling  device  is  shown  in 
Fig.  18  from  the  ISO  standard. 


47 


49 


t 


3 

) 


Wear  Debris  Recovery 

In  most  hydraulic  systems,  the  amount  of  extraneous  material 
entrained  in  the  oil  far  exceeds  the  concentration  of  the  wear  debris. 
Therefore,  if  a  conventional  laboratory  membrane  is  utilized  to  filter 
the  contamination  from  a  sample  of  fluid  extracted  from  a  hydraulic 
system,  the  extraneous  particles  (environmental  dust  filter  fibers, 
friction  polymers,  bits  of  rubber)  would  cover  the  wear  debris, 
making  any  analysis  difficult  if  not  impossible.  As  another  example, 
the  contaminant  sensitivity  of  hydraulic  components  is  a  critical 
consideration  in  their  selection  and  use  [7].  To  determine  the 
contaminant  wear  resistance  of  a  hydraulic  pump,  a  test  is  conducted 
using  a  controlled  contaminant  level  of  300  milligrams-per-litre  of 
various  particle  size  ranges  of  test  dust  obtained  through  the 
classification  of  AC  Fine  Test  Dust.  To  analyze  the  contaminant 
wear  process  induced  during  this  test,  the  wear  debris  must  be 
adequately  separated  from  the  test  dust. 

Ferrographic  oil  analysis  has  been  successfully  applied 
to  examine  the  contaminant  wear  of  hydraulic  pumps.  Typical  results 
from  these  studies  are  shown  in  Fig.  19  and  20  [15].  Fig.  19  shows 
the  results  of  using  the  same  gear  pump  tested  at  various  contamination 
levels,  whereas  Fig.  20  shows  the  data  acquired  using  various  pump 
outlet  pressures.  The  most  important  aspect  to  note  from  these 
figures  is  that  the  Ferrographic  analysis  method  was  sufficiently 
sensitive  and  discriminatory  to  show  small  changes  in  wear  rates 
caused  by  parameter  variations. 
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Fig.  18  Typical  Field  Type  Sampling  Device 
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Summary  of  Pump  Test  Results  at  Various  Outlet  Pressures 
with  a  Contaminant  Concentration  of  50  Milligrams  Per  Litre 


VII.  FERROGRAPHIC  STANDARDIZATION 


The  early  life  of  any  newly  introduced  piece  of  analysis 
equipment  is  normally  filled  with  controversy  about  its  accuracy, 
repeatability  and  reproducability.  The  ferrograph  is  no  exception. 
Certainly,  no  such  equipment  can  provide  worthwhile  and  reliable 
data  unless  the  analysis  results  can  be  repeated  within  a  very 
small  tolerance  percentage  each  time  a  given  sample  is  analyzed. 
Likewise,  if  the  results  cannot  be  reproduced  from  one  machine 
or  laboratory  to  the  next,  there  can  be  no  universal  acceptance 
of  the  equipment  because  there  will  be  little  confidence  in  it. 

A  commonly  used  method  for  investigating  the  repeatability 
and  reproducability  of  equipment  is  a  round  robin  program  in  which 
several  laboratories  are  provided  with  identical  samples  which 
they  analyze.  The  results  of  these  analyses  are  compared  statistic¬ 
ally  to  determine  if  there  are  any  significant  differences.  If  so, 
there  may  be  equipment  modifications,  operator  training,  procedure 
refinements,  etc.,  to  attempt  to  reduce  the  differences  and  another 
round  robin  program  initiated.  This  iterative  procedure  may  be 
repeated  several  times  until  either  the  desired  results  are  obtained 
or  it  is  determined  that  the  equipment  is  not  satisfactory. 

The  Case  for  Standardization 

During  the  summer  of  1979,  a  round  robin  ferrograph  analysis 
program  was  sponsored  by  the  Naval  Aircraft  Engineering  Center  (NAEC) . 
The  purpose  of  the  program  was  to  investigate  the  repeatability 
and  reproducability  of  the  ferrographic  analysis  process.  Four 
laboratories  participated  in  the  program  -  NAEC,  FPRC,  Michigan 
Technological  University  (MTU),  and  The  Foxboro  Company,  the  man¬ 
ufacturer  of  the  ferrographic  equipment.  Details  of  the  program 
will  be  reported  by  NAEC  at  a  later  time,  but  a  brief  description 
is  given  here. 

At  the  beginning  of  the  project,  each  laboratory  (except 
Foxboro)  prepared  several  sets  of  ferrograms  from  oil  samples  which 
they  had  in  their  own  laboratories.  (The  ferrograms  in  each  set 
should  have  been  statistically  identical  because  they  were  pre¬ 
pared  from  a  common  oil  sample.)  Ferrograms  from  each  set  were 
then  distributed  to  each  of  the  other  laboratories  where  each 
ferrogram  was  analyzed  three  different  times  using  four  different 
methods.  The  results  of  these  analysis  were  forwarded  to  NAEC 
for  evaluation. 

NAEC  sent  a  partial  tabulation  of  the  results  to  the  FPRC. 

A  detailed  statistical  analysis  using  the  Analysis  of  Variables 
technique  was  performed  on  these  data.  The  analysis  showed  that. 
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almost  without  exception,  there  was  a  statistically  significant 
difference  among  the  results  on  any  given  sample  set  whether  com¬ 
pared  by  laboratory,  method,  or  a  combination  of  variables.  In 
sane  cases,  there  were  even  significant  differences  within  a 
laboratory  on  consecutive  analysis  of  the  same  sample.  The  results 
showed  statistically  that  the  ferrographic  technique  was  neither 
repeatable  or  reproducable  enough  to  be  used  as  a  decision-making 
method  for  analyzing  oil  samples. 

At  first  sight,  this  appeared  to  be  rather  damning  evidence 
that  ferrography  is  not  the  beneficial  tool  it  was  originally  thought 
to  be.  However,  a  further  analysis  of  the  entire  program  and  the 
ferrographic  equipment  itself  revealed  a  number  of  problems  which 
probably  contributed  to  the  differences  in  the  results. 

Several  of  these  problems  were  procedural  and  pointed  out 
the  absolute  necessity  for  a  rigidly  followed  procedure  which  in¬ 
cludes  details  on  sample  agitation  and  dilution.  Such  a  universal 
procedure  is  required  for  any  scientific  analysis  method  if  comparable 
results  are  to  be  achieved.  It  is  not  at  all  unusual  for  a  new 
analysis  tool  to  be  poorly  received  at  its  introduction  because 
of  procedural  differences  in  its  use. 

Other  causes  of  problems  were  found  with  the  ferrograph 
itself.  One  of  these  is  the  very  common  problem  of  trying  to 
determine  a  fixed  point  from  a  variable  reference,  in  this  case, 
finding  the  D54  reading.  It  has  been  determined  that  the  most 
significant  indication  of  the  debris  level  of  the  sample  is  found 
at  the  point  which  is  54  mm  from  the  exit  end  of  the  ferrogram. 

This  is  based  on  the  premise  that  the  distance  from  the  point  at 
which  the  oil  first  contacts  the  ferrogram  is  always  the  same  dis¬ 
tance  from  the  point  at  which  the  oil  exits  the  ferrogram.  This 
premise  fails,  however,  because  of  two  purely  mechanical  problems. 

The  first  is  that  when  the  clean  glass  slide  is  placed  on 
the  ferrograph,  its  fixed  end  is  the  entry  end.  This  means  that 
any  variation  in  the  nominal  slide  length  of  60  mm— and  such  variations 
are  common— causes  a  like  variation  in  the  distance  from  the  entry 
point  to  the  exit  point.  Consequently,  the  significance  of  the  D54 
reading  can  be  distorted  by  the  variance  in  its  actual  location. 

The  second  problem  is  the  possible  variation  of  the  initial 
point  at  which  the  oil  contacts  the  slide.  This  can  occur  because 
there  are  no  mechanical  stops  which  limit  either  the  length  of 
the  feeder  tube  protrusion  from  the  tube  holder  or  the  amount  of 
travel  of  the  tube  holder  itself.  In  normal  practice,  the  tube 
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is  simply  lowered  until  it  "contacts"  the  slide.  The  angle,  location, 
and  force  of  such  contact  is  not  defined,  although  it  is  obvious 
from  the  analysis  of  the  trajectories  of  magnetic  particles  shown 
in  Appendix  A  that  all  three  are  significant  to  the  deposition 
pattern. 

Fortunately,  these  problems  are  fairly  easily  overcome  by 
ignoring  the  original  meaning  of  "D54",  i.e.,  the  density  reading 
obtained  54  mm  from  the  exit  end  of  the  slide,  and  using  a  position 
based  on  the  observed  entry  point  of  the  oil.  This  entry  point 
is  readily  identifiable  visually  by  the  relatively  large  (in  both 
diameter  and  depth)  deposit  of  debris.  By  measuring  2  mm  toward 
the  exit  end  from  the  observed  center  of  that  deposit,  the  truly 
significant  "D54"  position  can  be  located. 

The  fact  that  repeatable  and  reproducable  ferrographic  re¬ 
sults  can  be  obtained  by  carefully  repeating  a  well -formulated 
procedure  has  been  demonstrated  numerous  times  by  the  FPRC.  The 
curve  shown  in  Fig.  21  is  typical  of  the  repeatability  of  the 
results  normally  obtained  at  the  FPRC.  In  this  case,  a  sample 
of  fluid  was  taken  from  a  hydraulic  system  in  which  contaminant 
wear  had  been  induced.  Three  ferrograms  were  made  from  each  of 
the  following  sample  volumes— 0.25,  0.50,  0.75,  1.0,  2.0,  and  3.0 
millilitres.  The  density  readings  (D54)  for  each  of  the  18  ferro¬ 
grams  are  shown.  The  maximum  coefficient  of  variation  exhibited 
by  these  data  is  about  5%  (using  the  range  to  estimate  the  standard 
deviation).  [16] 

NOTE:  The  change  in  the  slope  of  the  curve  at  a  density  reading 
of  about  40  indicates  that  some  type  saturation  occurs  at  that 
point.  Consequently,  for  a  ferrogram  which  has  density  readings 
greater  than  40,  the  fluid  sample  should  be  diluted  and  reprocessed. 
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FERROGRAPHIC  DENSITY 


VOLUME  OF  FLUID  -  m« 

Fig.  21  Repeatability  and  Saturation  Characteristics 
of  Ferrographic  Techniques 


57 


TTCP  Participation 

During  the  period  covered  by  this  report,  the  FPRC  has  fully 
and  actively  participated  in  two  meetings  of  the  Technical  Coop¬ 
erative  Program  (TTCP),  Sub-Group  P,  Technical  Panel  1,  Action 
Group  4.  The  purpose  of  this  participation  was  to  help  solve  the 
operational  and  interpretation  problems  of  ferrographic  analysis 
and  to  promote  the  formulation  of  an  internationally  accepted 
analysis  procedure.  Significant  progress  has  been  made  toward 
these  goals.  A  comprehensive  procedures  document  has  been  assembled 
and  interpretative  techniques  have  been  developed. 

Although  valuable  technical  work  has  been  done,  by  the 
Group,  the  promulgation  of  International  Standards  is  not  con¬ 
sidered  to  be  within  the  pervue  of  the  Group.  Therefore,  it 
will  be  necessary  to  promote  the  standardization  through  other 
channels.  The  mechanism  for  this  promotion  has  already  been  set 
up  through  the  Society  of  Automotive  Engineers,  (SAE),  ORMTC/Sub- 
Committee  4/Working  Group  6/Task  Group  3.  A  Task  Group  has  been 
organized  with  Mr.  Dick  Dietrich  and  Mr.  Peter  O'Donnell  of  the 
Naval  Air  Engineering  Center  as  co-chairmen.  A  highly  advanced 
first  draft  document  is  available  to  this  Task  Group  as  a  re¬ 
sult  of  the  TTCP  activities. 

Once  the  document  has  been  approved  by  SAE,  it  will  require 
sponsorship  through  the  American  National  Standards  Institute 
(ANSI)  and  the  International  Standards  Organization  (ISO). 

Because  of  the  work  already  accomplished  by  the  FPRC 
and  because  of  the  positions  held  in  all  three  of  the  standards 
organizations  cited  above  by  Dr.  E.C.  Fitch,  FPRC  Director, 
continued  FPRC  participation  in  this  activity  is  highly  desireable. 
However,  such  participation  will  depend  upon  the  securing  of 
sponsorship  for  the  FPRC  which  will  provide  the  funding  necessary 
for  attendance  at  meetings,  participation  in  survey  and  round 
robin  activities,  etc. 


VIII.  SUMMARY  AND  CONCLUSIONS 


The  behavior  of  particles— both  magnetic  and  non-magnetic— 
in  the  fluid  stream  can  be  accurately  predicted.  These  predictions 
indicate  that  few  magnetic  particles  are  lost  from  the  ferrogram. 
These  predictions  have  been  experimentally  verified. 

Wear  in  pumps  is  easily  detected.  The  predictions  of 
pump  life  and  contaminant  sensitivity  can  be  made  with  signifi¬ 
cantly  less  degradation  than  through  the  normal  contaminant  sensi¬ 
tivity  test  methods.  This  means  that  a  single  item  can  be  used 
in  several  different  tests. 

System  health  can  be  successfully  monitored  by  periodic 
sampling  and  ferrographic  analysis. 

Ferrographic  analysis  can  be  acceptably  repeatable  and 
reproducable,  but  careful  adherence  to  standardized  procedures 
will  be  required  before  the  ferrograph  will  be  suitable  as  a 
critical  decision-making  tool. 

The  TTCP  activities  have  provided  a  well  advanced  draft 
of  the  required  standardization  document  for  the  ferrographic 
procedures.  However,  this  document  now  needs  to  be  progressed 
through  the  appropriate  SAE,  ANSI,  and  ISO  committees  to  be¬ 
come  recognized  nationally  and  internationally. 

The  FPRC  should  receive  additional  sponsorship  from  the 
ONR  to  support  the  promotion  of  the  ferrographic  procesures 
through  SAE,  ANSI,  and  ISO. 
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AN  APPRAISAL  OF  THE  ANALYTICAL 
FERROGRAPHIC  METHOD 


K.Nair 


REFERENCE:  N«ir,  K.,  “An  Appraiul  of  the  Analytical  Ferro, 
graphic  Method,"  The  BFPR  Journal,  1980,  281*294. 

ABSTRACT:  Ferrognphy  hu  become  an  important  tool  for  the 
tribologlst  in  identifying  the  degree  and  mode  of  wear  in  a 
machine.  Now  that  the  technique  it  beyond  the  curiosity  stage, 
an  analytical  baae  muat  he  established  which  accurately  simulate* 
its  operation.  Such  a  base  is  needed  to  make  improvements  in 
design  and  procedural  methodology  for  the  development  of 
world  standards. 

This  paper  has  attempted  to  strip  away  the  mystical  aspects 
of  the  process  and  look  at  ths  physics  which  govern  deposition 
on  the  Ferro  gram.  Although  the  mathematical  model  derived  to 
represent  the  process  is  for  an  idsal  case,  it  is  a  powerful  tool  for 
making  Judgement  calls  on  various  aspects  which  exist  during  the 
operation.  A  companion  paper  covering  the  Direct  Reading 
Ferrograph  has  also  been  written  which  should  also  prove 
valuable  to  thoee  interested  in  this  subject. 

KEY  WORM:  Eerrognm,  Ferrognphy,  mathematical  model, 
analytical  arnmnent,  parameter  sensitivity,  accuracy  of  read¬ 
ings,  wear  reduction 


INTRODUCTION 

Ferrography  1 1.  2|  is  a  relatively  new  technique 
developed  to  separate  wear  debris  from  lubricating  and 
hydraulic  oils,  primarily  by  means  of  magnetic  separa¬ 
tion.  A  high  gradient  magnetic  field  separates  the  wear 
particles  from  a  tluid  sample  flowing  over  a  glass  sub¬ 
strate  and  arranges  them  more  or  less  according  to  size. 
After  the  entire  sample  volume  has  been  pumped  over 
the  substrate,  a  fixer  solution  is  passed  over  the  slide  and 
wear  particles  which  remain  fixed  to  the  slide  are  used 
for  further  analysis  hy  optical  or  other  techniques. 

The  information  obtained  from  the  slide  (the  Ferro- 
gram)  has  been  extensively  used  for  studying  wear 
phenomena  and  for  diagnosis  and  prognosis  of  wear 
situations  in  machines  |3,  4,  5|.  The  Fluid  Power 
Research  Center  at  Oklahoma  State  University  has 
extended  the  utilization  of  the  Ferrograph  to  study  the 
wear  in  hydraulic  systems  |6,  7.  8|.  Quantitative  in¬ 
formation  obtained  from  these  studies  is  primarily  in 
terms  of  the  optical  densities  at  or  near  the  entry  point. 
Optical  densities  at  other  locations  also  have  been 
utilized  for  evaluating  the  Severity  Index  1281.  Quali¬ 
tative  information  on  particles  is  obtained  by  direct 
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microscopic  examination  or  heating  of  Ihe  (  emigrant 
along  with  other  chemical  processes. 

l  errography  has  been  shown  to  be  an  extremely  good 
analytical  loot  for  studying  wear  situations  in  machines. 
Occasionally,  small  amounts  of  data  scatter  are  seen  in 
the  density  readings  of  the  F'errogram.  Il  would  be 
helpful  lor  a  complete  and  realistic  analysis  of  the  wear 
process  if  the  Ferrographie  process  was  properly  under¬ 
stood  front  at  analytical  point  of  view.  Kitzmiller  1 4 1 
has  reported  an  extensive  study  on  Ihe  Ferrograph  and. 
based  on  a  number  of  controlled  experiments,  proposed 
an  operating  procedure.  Similar  studies  on  Ihe  subject 
are  dealt  with  in  Ref.  |  1 0 1 .  [111.  and  1 1  2 ) .  This  paper 
presents  an  analytical  development  of  Ihe  expressions 
and  functions  which  control  Ihe  Ferrographie  process. 
The  purpose  of  the  effort  was  to  identify  and  isolate 
those  parameters  which  are  influential  and  to  evaluate 
their  effectiveness.  Based  on  this  information,  a  discus¬ 
sion  is  advanced  for  the  consideration  of  parametric 
control  of  Ihe  Ferrographie  leehnique.  In  this  manner, 
an  analytical  foundation  can  he  formed  for  the  standard¬ 
ization  of  Ferrographie  analysis  and  interpretation. 

IDEAL  FERROGRAPH 

For  formulation  purposes,  it  is  convenient  to  con¬ 
ceive  an  idealized  Ferrograph.  Deviation  of  any  para¬ 
meter  from  ideal  situation  can  he  studied  by  its  effect  on 
the  Ferrographie  process.  The  following  assumptions  are 
made  for  (he  modeling  of  the  Ferrograph  : 

1.  The  sample  fluid  consists  of  evenly  distributed 
particles.  (The  particles  may  he  ferrous,  non- 
ferrous,  or  any  other  contaminant.) 

2.  The  particles  are  spherical  in  nature. 

.1.  The  peristaltic  pump  delivery  onto  the  slide  is  at 
a  uniform  rate  and  free  from  pulsations. 

4  The  flow  over  the  slide  is  steady,  one-dimensional 
laminate  flow  from  entry  to  exit  of  the  sample  on 
the  slide.  (There  is  no  initial  disturbance  to  the 
flow  at  the  entry.) 
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5.  The  particle  concentration  is  low  enough  (hat  the 
flow  properties  are  unaffected  by  the  presence  of 
the  particles. 

6.  The  fluid  is  Newtonian 

7.  The  ferrous  particles  in  the  sample  do  not  interact 
with  one  another  and  do  not  join  together  to  form 
“larger”  particles. 

X.  Brownian  forces  do  not  act  on  the  particles  and 
their  motion  can  lx*  idealized  based  on  funda¬ 
mental  fluid  mechanics  and  magnetic  phenomena. 

The  foregoing  concept  is  used  for  the  analysis  given  in 
this  paper.  The  difficulty  in  developing  a  mathematical 
model  for  an  innovation  based  only  on  experiment  is 
overcome  by  using  reasonable  engineering  idealization. 
The  influence  of  various  parameters  affecting  the  ideal¬ 
ized  operation  of  the  ctpiipment  is  discussed  in  detail 
and  possible  solutions  are  suggested  based  on  the  model 
developed. 

MODEL  OF  THE  FLUID  FLOW 

I'ig.  I  shows  a  schematic  diagram  of  the  Analytical 
F'errogruph.  The  sample  fluid  is  pumped  onto  the 
substrate  by  a  peristaltic  pump.  The  flow  through  the 
pump  is  assumed  to  be  constant.  By  virtue  of  the  peris¬ 
taltic  operation,  there  will  he  fluctuations  in  the  output 
of  the  pump;  however,  this  will  be  of  minor  influence  at 
the  delivery  end  of  the  tuhe,  where  a  reasonably  steady 
flow  is  obtained. 


Fit.  1.  Schematic  of  Slide  Ferrocraph.  |9| 

In  an  Analytical  Ferrograph,  according  to  measure¬ 
ments.  the  flow  rale  (Q)  is  of  the  order  of  0.25  to  0.5 
per  minute.  The  viscosity  of  fluids  flowing  over  the 
slide  (without  fixer  added)  may  vary  from  about  216 
centistokes  for  mineral-based  lubrication  oil  formulated 
for  use  in  aircraft  engines  to  about  13  centistokes  for 
some  hydraulic  fluid  at  20°C.  Fluid  densities  may  vary 
from  0.75  to  0.*J  gm/cc.  Based  on  these  data,  it  can  be 
reasonably  assumed  that  the  flow  over  the  slide  is  ripple 
free  laminar.  Appendix  I  shows  the  analytical  approach 
to  prove  this  assumption. 

The  slide  over  which  the  sample  fluid  flows  is  made 
of  a  rectangular  thin  glass  sheet  of  about  60  millimetres 


in  length.  Oil  enters  the  slide  at  about  55.5  to  56.5  mm 
from  the  exit  end  where  fluid  leaves  the  slide.  The  grav¬ 
ity  flow  over  the  slide  is  contained  in  a  U-shaped  bound¬ 
ary.  Fig.  2  shows  a  slide  with  its  majoi  dimensions. 


The  sample  fluid  flows  as  a  rivulet  on  the  slide.  Flow 
of  this  rivulet  is  controlled  hy  the  inclination  of  Ihe  slide 
to  vertical,  surface  tension,  fluid  viscosity,  and  density 
of  the  sample  fluid.  Tnwcll  and  Rothfeld  |  1 3 1  have 
developed  the  hydrodynamics  of  such  a  flow  as  a  one- 
dimensional  laminar  flow  and  have  solved  simple  cases. 
Using  the  theory  developed  by  them  tor  the  purpose  of 
modeling  the  F'errogruph  suffers  from  two  disadvan¬ 
tages  firstly,  it  requires  numerical  techniques  denying  a 
closed-form  soli  'ion;  and  secondly,  on  the  Ferrogram, 
the  flow  is  not  allowed  to  expand  laterally  by  the 
presence  of  the  U-houndary  on  the  slide.  Since  there  is 
no  full  hounding  wall  on  either  side  of  the  fluid  flow  as 
in  the  case  of  a  channel,  and  since  the  width  of  the  flow 
film  is  not  large,  the  flow  is  not  of  Ihe  “open  channel” 
type.  Thus,  the  flow  lends  to  he  somewhere  in  between 
■M\  open  channel  flow  and  a  fully  developed  rivulet  flow. 
Fig.  3  shows  Ihe  difference  between  the  cross-section  of 
the  fluid  film  under  these  conditions.  On  the  Ferrogram, 
however,  the  major  interest  is  in  the  central  region  of 
the  fluid  flow,  where  the  ferrous  particles  are  deposited. 
Ferrous  particles  in  the  fluid  are  attracted  towards  the 
center  of  the  slide  due  to  the  existence  of  lateral  field 
gradient  of  the  magnet.  Thus,  this  central  region  reason¬ 
ably  represents  an  open  channel  flow. 


REGION  or  INTEREST 


Fix.  3.  Fluid  Croat  Section  and  Ration  of  Interact. 

In  Figure: 

(a)  Fluid  Flowt  aa  a  Free  Rivulet. 

<b)  Fluid  Flowa  in  an  Open  Channel  Without 
Surface  Tension. 

(c)  Fluid  Flowa  Within  the  Boundary  on  Feno- 
tram. 
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Hig.  4  shows  ihc  coordinates  selected  tor  analyzing 
the  fluid  flow.  In  this  Jiugram.  the  positive  \ -direct ion  is 
measur  'd  vertically  upwards  from  the  slide,  where  fluid 
contacts  the  substrate.  The  Y-di  reel  ion  is  measured  in 
a  lateral  direction  from  the  center  line,  while  the  /- 
direction  is  measured  along  the  flow  front  the  point  of 
entry  of  the  fluid  on  the  slide. 


x  axis 
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DELIVERY  TUBE 
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Fl«.  4.  Coordinate  Axes  and  Particle  Location. 

(a)  In  the  Direction  of  Flow . 

(b)  Cross  Section  of  Fluid  Film. 


With  the  assumption  of  op  n-channel  tlow.  the 
velocity  profile  of  the  fluid  flow  over  the  slide  is  para¬ 
bolic.  This  velocity  in  the  Z-direction  can  he  represented 
by  |I4.  15): 

p.  g  COS0  , 

U,=  3  -  (28  x-x2)  (i) 


where:  U,  =  the  fluid  velocity  along  the  flow  direction. 
pt  =  (he  density  of  the  fluid.  0  -  the  inclination  of  the 
slide  to  the  vertical,  p  *  the  viscosity  of  the  fluid,  x  =  the 
height  of  the  streamline  above  the  slide  where  velocity  is 
evaluated,  and  f>  «  the  maximum  height  of  the  flowing 
film. 


The  maximum  value  of  velocity,  as  shown  by  Fq.  ( I ), 
is  at  the  interface  between  the  air  and  the  sample  fluid 
and  this  is  obtained  by  substituting  x  =  6  in  Eq.  (I). 
Maximum  velocity.  U,  (max),  is  given  by 


p  g8*co«/3 
Ut(max)« - - 


(2) 


Limited  experiments  at  the  Fluid  Powei  Research 
Center  showed  agreement  with  the  theoretical  maximum 
velocity  at  the  interface. 


Volume  rate  of  flow  over  the  slide  is  given  by: 


pms  89cos£ 

Q«  - 

ip. 


(S) 


where:  Q  -  the  volume  rule  of  flow  of  fluid  over  the 
slide,  and  W  =  the  width  of  the  U -boundary  tin  the  slide. 


Again,  the  average  velocity  of  the  fluid  How. 
U,  (ave I.  on  the  slide  is  given  by: 


U,(ove)= 


pt  g82cos/9 

Tp 


(4) 


fq.  (I)  through  Fq.  (41  show  the  general  nature  of 
the  flow  over  the  slide,  (he  flow  rate  (Ql  is  constant  in 
a  given  situation  and  is  controlled  by  the  pumping  sys- 
tern.  For  a  given  sample,  it  could  vary  slightly  depending 
on  the  change  in  delivery  tube  dimensions  and  its 
ovality.  Once  the  flow  rate  is  known,  the  velocity  profile 
can  be  evaluated.  It  should  he  noted  that,  in  the  above 
equations,  it  is  assumed  that  the  section  of  the  fluid  film 
does  not  change  in  shape  throughout  the  tlow  over  (he 
slide. 

PARTICLE  DYNAMICS 

It  vas  assumed  earlier  that  in  an  ideal  situation  the 
particles  are  spherical  in  nature.  This  is  far  from  reality 
with  any  wear  particles  Describing  a  non-spherical 
particle  by  an  equivalent  sphere  also  poses  problems 
since,  for  example,  the  magnetic  force  on  them  will  be  a 
function  of  the  volume  of  the  particle  while  drag  force 
depends  on  the  shape  and  projected  area  of  the  particles. 
Hence,  deviation  from  sphericity  would  he  dealt  with  as 
a  variation  from  an  ideal  situation. 


FIs.  5.  Effect  of  Lift  Force  In  Producing  Log  on  Particle 
Velocity  Profile. 

The  particles  are  assumed  to  be  suspended  uniformly 
in  the  fluid.  When  they  flow  over  the  slide,  they  are 
subjected  to  gravity  force,  buoyant  force,  drag  force 
due  to  fluid  flow,  and  magnetic  force.  Since  the  flow  is 
of  a  low  Reynolds  number,  laminar  type,  particle  accel¬ 
eration  will  be  resisted  by  the  fluid.  However,  along  the 
X-direction,  that  is,  across  the  depth  of  the  fluid  film, 
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the  velocity  profile  is  parabolic:  and.  hence,  the  particle 
experiences  slightly  higher  velocity  on  its  top  surface 
compared  to  that  at  the  bottom  surface.  This,  in  turn, 
produces  a  torque  on  the  particle  making  it  rotate.  This 
causes  an  energy  transfer  to  the  particle,  resulting  in  a 
lag  in  particle  velocity  with  respect  to  the  fluid  velocity. 
A  lift  force  could  be  created  by  this  mechanism  tending 
to  create  an  upward  force  on  the  particle.  Since  the 
particles  are  of  micronic  size  and  the  length  of  flow  over 
the  slide  is  short,  this  effect  can  be  neglected.  (The 
above  "circulation"  or  lift  effect  is  shown  in  l'ig.  5.) 
Thus,  it  can  be  assumed  that  the  particle  and  the  tluid 
have  the  same  velocity  distribution  in  the  Z-dircction. 
This  is  given  by  Fq.  (I).  Fq.  ( I )  is  rewritten  below  by 
replacing  U,  by  Vx.  giving  the  velocity  of  the  particle 
in  the  Z -direction. 


.»V* 


liq.  (5)  gives  the  velocity  of  particles  in  the  /-direc¬ 
tion.  Another  equation  in  the  X -direct ion  is  required  to 
describe  the  complete  dynamics  of  the  particles.  Since, 
the  inclination  of  the  slide  to  vertical  (0)  is  approxi¬ 
mately  ^0°,  the  forces  in  the  vertical  direction  can  be 
assumed  to  be  the  same  as  in  the  X-direction. 


_  _  wD3  . dV,, 

+  F««*  6  ^  d» 


where:  dVK/dl  =  the  acceleration  of  the  particle  in  the 
X-dircction. 

Substituting  the  various  expressions  for  forces  into 
I  q.  we  have 

tD3  ,  dV„ 

— v(-ar)  m 

The  particle  accelerates  in  the  fluid  according  to 
Fq.  (10).  until  the  gravity  and  magnetic  forces  balance 
the  _irag  force.  At  this  stage,  the  particle  reaches  its 
settling  velocity  (VT(  Hereafter,  the  particle  travels  with 
uniform  velocity  (VT)  in  the  X-direction.  The  settling 
velocity  can  he  computed  by  setting  the  right-hand  side 
of  l-'q .  ( 10)  equivalent  to  zero,  and  replacing  Vx  by  VT. 
Settling  velocity  (VT)  can.  then,  he  represented  as: 


For  wear  particles  which  are  heavier  than  the  sample 
fluid,  a  net  downward  force  from  gravity  and  buoyancy 
acts  on  them  and  this  is  given  by: 

„  gwD  3  , 

<*> 

where:  Ff  =  the  net  downward  force  due  to  gravity  and 
huoyancy,  D  =  the  diameter  of  the  particle,  and  pp  =  the 
density  of  the  particle. 

Since  the  Reynolds  number  is  low.  the  drag  force  in 
the  vertical  direction  can  he  represented  hy  Stoke's  Law 
as  given  below. 


<V3tM  DV„ 


where:  F,,  =  the  drag  force  in  the  X-direction,  and  Vx  = 
the  velocity  of  the  particle  in  the  X-direction. 

In  addition  to  the  above  forces,  the  magnetic  particles 
are  subjected  to  an  additional  force  due  to  the  presence 
of  the  high  gradient  magnet  below  the  slide.  This  can  be 
represented  by: 

••• 

where:  Fm  *  the  magnetic  force  in  the  X-direction, 
K  =  the  volume  si«sceptihility  of  the  material,  II  =  the 
field  strength  of  the  magnet  at  the  point  of  interest, 
and  dff/dx  *  the  field  gradient  at  point  of  interest. 


VT  =lfc 


From  Fq.  (It). 

dH  18u 

’V^t,+KV7^ 

Substituting  the  above  expression  into  Fq.  (10)  and 
simplifying. 


D  p„  dV. 


Kq.  (12)  is  a  linear,  first-order,  differential  equation 
in  V. ,  and  its  solution  is: 


V,«VT  1-exp. (-18/*/D  />p)t 


From  Fq.  (13),  the  time  required  for  particle  velocity 
to  reach  98%  of  the  settling  velocity  (VT)  can  be  evalu¬ 
ated  as  (4D*pp/l8p).  For  a  magnetic  spherical  particle 
of  20  pm  diameter  in  a  very  thin  fluid  such  as  wafer 
(viscosity  of  water  is  1  centipoise),  this  time  would  be: 


41”w,o° ",**"*?  1  -z-w-wcosa. 

18(0.01  gm/cm-sec) 


Fq.  (6).  (7),  and  (8)  can  be  combined  to  give  the  net 
force  acting  on  the  particle.  The  particle  is  accelerated 
hy  the  net  force  acting  in  the  X-direction.  This  can  be 
represented  hy: 


Thus,  the  particle  velocity  reaches  98%  of  its  settling 
velocity  in  a  fraction  of  a  second:  and,  hence,  it  can  be 
assumed  that  the  particle  dynamics  in  the  X-direction, 
that  is,  along  the  depth  of  the  film  thickness,  is  con- 


(rolled  hy  (he  settling  velocity.  It  xp  is  (he  posi(ion  of 
(he  pedicle  from  the  slide  at  any  time.  (hen. 


04) 


The  negative  sign  for  VT  is  introduced  as  per  (he  sign 
convention,  since  VT  acts  in  (he  negative  X -direction 
l-.q.  (S)  and  (14)  define  the  dynamics  of  the  magnetic 
particles  in  the  flowing  fluid.  They  can  he  combined  hy 
eliminating  the  variable  time  It).  Dividing  lq.  (51  hy 
l  q.  ( 14)  and  rearranging 


dr. 


-/»,  g  cos# 

2/* 


dx. 


(28xp-x  p)  -rj2- 


Inlegraling  this  equation,  we  have: 

p  q  cos  # 


(8x2-x*/3)  +  C 
2^vt  »  f 


(«) 


where:  ('  =  the  constant  of  integration. 

The  particle  may  enter  the  slide  at  any  height  above 
the  slide  in  the  fluid  film.  Denoting  this  height  as  xa 
(See  Fig.  4.),  the  initial  condition  in  the  above  equation 
would  he:  xp  =  xn  at  zp  =  0. 

Setting  this  initial  condition,  in  the  above  equation. 


„  />,  g  cos/3  _  2 

C'  2mVt  <8x®  ' 


x„/3) 


In  the  Ferrogram.  it  is  observed  llial  large  si/e  parti¬ 
cles  (particles  whose  si/es  are  larger  than  15  flm  in 
diameter)  are  deposited  within  5  mm  from  entry  point. 
If  representative  values  are  substituted  for  various  para¬ 
meters  in  F.q  (16)  and  (17).  the  relative  values  of  the 
gravity  term,  g  (pp  pf)  and  tile  magnetic  term. 
Kll  (dll/dx)  can  be  evaluated  such  that  a  particle 
of  15  pm  gets  deposited  within  5  mm  from  entry  point. 
Typical  values  of  the  parameters  are: 

fluid  density.  p(  =  OX  gm/cc 
particle  density.  pp  =  X  gm/cc 
acceleration  due  to  gravity,  g  =  0X0  em/sec* 
inclination  of  slide  w  ith  respect  to  hori/onlal. 

0  '  XX  s' 

film  thickness,  h  =  (.1  pQ/pfg  WCOS0)1  !*  =  0.1  cm 
(assume) 

particle  diameter.  I)  =  15  x  10  4  cm 
position  of  particle  deposition.  zp  =  0.5  cm 

f  urther,  assume  that  the  particle  enters  the  slide  at 
the  maximum  film  height  location,  that  is.  x0  =  6. 
With  these  parameters  substituted  into  f.q.  (17).  and 
solving  for  Kll  (dll/dxl.  Kll  (dll/dx)  =  1.25  x  10s 
dynes/cc  The  value  of  g  (pp  pr)  would  be  g  (p  p,)  = 
0.07  x  10s  dynes/cc. 

Thus  from  this  illustration,  it  can  be  concluded  that 
the  contribution  of  the  magnetic  forces  in  the  Ferro- 
graphic  process  is  much  stronger  than  that  from  the 
gravity  term.  This  can  be  further  illustrated  hy  consider¬ 
ing  the  particle  as  nonmagnetic.  In  such  as  case,  the 
term.  Kll  (dll/dxl.  is  zero  and,  using  f.q.  (17),  the 
value  of  the  position  of  deposition  of  the  particle,  z.p. 
can  he  evaluated.  This  can  be  calculated  as:  /.  =  0  cm. 


We  are  interested  in  evaluating  the  position  of  a  given 
particle  when  it  is  deposited  on  the  Ferrogram  slide,  that 
is.  the  position  z.  when  xp  is  forced  to  zero.  Substitut¬ 
ing  xp  =  0  in  f  q  ( I  5 ).  we  have: 


=  c* 


P, g  COS/3 
2mVt 


(8x/-x03/3) 
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Substituting  the  value  of  VT  from  Fq.  (ID  and  that 
of  from  Fq.  1 2 >  into  Fq.  ( 16).  we  have: 


9  pt g  cos/3  [IpQ/pfV  -**/?>  _ 

V  'v"kWdH|  071 

D  )«</»,, -*V+KH  37| 

Ivq .  (17)  defines  the  location  of  a  particle  on  the 
ferrogram.  if  xD  and  D  are  known.  However,  this 
equation  is  derived  assuming  that  the  magnetic  term. 
Kll  (dll/dx)  remains  constant  along  the  Ferrogram. 
The  high  gradient  magnet  used  in  the  Ferrograph  has  its 
field  strength  and  field  gradient.  dH/dx,  varying  along 
the  length  of  the  Ferrogram.  (Variation  of  these  para¬ 
meters  is  assumed  to  he  small  along  the  fluid  film 
thickness.  6.)  Accordingly.  Eq.  (17)  should  he  modified 
to  take  care  of  the  variation  of  magnetic  properties. 


Total  operating  length  of  the  Ferrogram  is  about  5.7 
cin  and,  hence,  it  can  he  observed  that  this  nonmagnetic 
particle  escapes  deposition  on  the  slide. 


Based  on  the  results  of  the  foregoing  analysis,  we  can 
now  represent  the  settling  velocity,  VT,  in  Kq.  ( 1 1 )  as 
containing  only  the  magnetic  term,  that  is. 


OS) 


It  is  seen  from  Fq.  (IX)  that  the  effect  of  increasing 
II  (dll/dx)  along  the  Ferrogram  is  to  directly  increase 
the  settling  velocity.  But  if  Kq  ( 18)  is  to  be  modified  to 
this  effect,  then  the  variation  of  H  (dll/dx)  and.  hence 
settling  velocity.  VT,  should  he  known.  As  such,  this 
variation  is  not  available  for  the  high  gradient  magnet. 
However,  it  should  be  mentioned  here  that  to  evaluate 
the  magnitude  of  II  (dll/dx)  or  its  variation  in  such  a 
magnet  is  extremely  difficult,  if  not  impossible.  Even 
experimental  measurements  may  not  give  these  values 
to  an  acceptable  accuracy  because  of  the  short  range  of 
effective  magnetic  field  and  smaller  force  magnitudes  on 
micronic  particles  (17,  18,  19,  20.  21,  22,  2J|.  More¬ 
over.  this  value  can  be  expected  to  vary  across  the  thick¬ 
ness  of  the  falling  fluid  film.  The  trend  of  the  variation 
of  (dH/dx)  along  the  slide  is  indicated  by  Lt.  R.  S. 
Miller  |24|  as  a  polynomial  function  of  x  (See  Fig.  6.) 
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DISTANCE  ALONG  THE  SURFACE  OF  SLIDE,  i  in  mm 

FPRC  OSU  10  23S 

Fin.  6.  Anumed  Variation  of  Magnetic  Properties  Along 
the  Ferrogram.  H  (dH/dx)  is  Assumed  to  Vary 
as  an  Exponential  Function  Along  Z-D4reetion. 

It  is  assumed  that  the  field  strength  II  also  varies  in 
similar  fashion;  then,  the  product  II  (dll/dx)  can  he 
approximated  to  he  an  exponential  function  II  (dll/dx) 
c"1  along  the  Z-diicetion  <m  is  a  constant.).  Subse¬ 
quently,  the  settling  velocity  at  various  locations  on  the 
slide,  that  is,  as  z.p  varies,  will  have  an  exponential 
variation.  This  can  he  represented  as;  V,  =  VT  emI 

where;  V,  =  the  settling  velocity  of  the  particle  as  a 
function  of  its  location  along  the  Ferrogram;  VT  =  the 
settling  vleocity  of  the  particle  as  given  hy  Kq.  <  I 8);  m  = 
a  constant;  and  /.  -  the  distance  along  the  Z-direction, 
where  Vt  is  required  to  he  evaluated.  (Note  that  the 
magnetic  term,  K ll  (dll/dx),  in  Eq.  (18)  represents  its 
value  only  at  or  near  the  entry  location.) 

Now.  the  motion  of  the  particle  along  the  depth  of 
fluid  film,  that  is,  X-direction,  as  given  by  Eq.  (14)  must 
he  modified  to  take  care  of  the  change  in  settling  veloc¬ 
ity  along  the  Ferrogram.  This  can  he  expressed  as: 

dx« 

«  V%  *  -  VT(exp.  mi)  («) 

Now  Eq.  (5)  and  (19)  represent  the  complete  dy¬ 
namics  of  the  particles  anywhere  along  the  length  of  the 
fluid  film.  Dividing  Eq.  (5)  by  Eq.  (19)  and  rearranging, 
we  have; 

&**,-*$  dx> 


Integrating  this  equation  between  the  entry  point  and 
the  point  where  the  particle  gets  deposited  on  the  slide 
(that  is.  xp,  from  x„  to  0;  zp,  from  0  to  zp). 


From  this  equation,  the  location  of  I  Ik-  particle.  /p.  is 

zp.-i in  {» ♦  m  *V^t*(»*>-«p5/3)1  801 

Eq.  1-0)  is  similar  lo  Eq.  ( 1 61. except  that  ii  includes 
the  effect  of  the  variation  of  magnetic  properties  along 
the  length  of  the  slide.  Note  lhal  /p  in  (he  above  equa¬ 
tion  is  the  location  of  a  magnetic  particle  on  the  slide- 
in  an  idealized  situation,  presented  in  the  beginning  of 
the  paper. 

The  purpose  of  the  derivation  of  the  above  equation 
was  solely  to  demonstrate  the  effect  of  the  variation  of 
magnetic  forces  on  particle  deposition  rather  than  abso¬ 
lute  evaluation  Kq.  (20)  clearly  indicates  that  the 
effect  of  increasing  magnetic  gradient  along  the  exit  end 
of  the  Ferrogram  is  lo  deposit  the  larger  size  particles  as 
close  as  possible  to  the  entry  location,  ll  is  seen  lhal  the 
effect  of  various  parameters  like  xD.  p.  0.  etc.,  are 
masked  by  the  equation  because  of  the  logarithmic 
function:  however,  this  need  not  be  true  in  general.  This 
is  because,  firstly,  in  the  case  of  bigger  particles.  Kq.  ( 16) 
gives  the  correct  picture  of  z  since  they  are  deposited 
near  the  entry.  Seeondly.  smaller  particles  gel  saturated 
magnetically  as  they  have  only  one  or  at  hest  few 
magnetic  domains  12,  1 7 1 .  Accordingly,  Kq.  (Ib)should 
he  valid  for  any  magnetic  particle  in  the  sample  fluid. 
Hence,  il  could  be  staled  that  the  effect  of  variation  in 
the  magnetic  properties,  II  (dll/dx),  of  particles  is  to 
confine  larger  size  magnetic  particles  to  the  upper 
region  of  the  Ferrogram.  And  finally,  in  the  case  of 
particles  less  than  0. 1  pm  in  size.  Brownian  motions  may 
become  effective  and  the  particles  will  disobey  the 
equations  derived  earlier.  The  Ferrograph  does  not  give 
full  information  about  such  particles  (for  whatever  they 
are  worth)  as  would  be  given  by  a  spectrometrie  analysis. 


ffhc  o*u  so  aa 


Fit.  7.  Particle  Diameter  Versus  Location  on  Slide, 

Eq.  (11)  indicates  that,  with  a  given  fluid  sample,  it  is 
possible  to  predict  the  location  of  deposition  of  a  known 
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panicle  if  the  parameter.  xa  (the  height  at  which  the 
particle  enters  the  slide),  is  kept  constant.  In  such  a  case, 
other  parameters  remaining  constant,  the  location  of  the 
particle  is  inversely  proportional  to  the  square  of  the 
particle  diameter.  I).  big.  7  shows  a  graph  reflecting  this 
relation.  The  angle  of  inclination.  (3,  to  (he  vertical  is  of 
the  order  of  about  XX”  A  change  in  this  value  due  to 
improper  leveling  of  the  equipment  or  due  to  incorrect 
fixing  of  a  slide  thy  the  locking  pin  provided  on  the 
Lcrrograph)  could  affect  the  reading,  though  not  too 
drastically. 

The  strongest  parameter  which  affects  the  location  on 
the  l-'errogram  of  a  particle  of  given  diameter  turns  out 
to  he  the  position  of  the  particle.  x0.  above  the  slide  as 
it  enters  the  l-'errogram.  This  needs  further  elaboration. 
I  q.  (lb)  which  gives  the  position  of  the  particle  on  the 
l-'errogram  can  be  used  to  demonstrate  the  effect  of  xu 
on  that  position.  This  is  illustrated  below. 

Representative  values  of  the  various  parameters  in 
Lq.  1 16)  are  computed  or  assumed  as  follows: 

l-'luid  density:  pt  =  0.8  gm/cc 
Acceleration  due  to  gravity:  g  =  l)X0  cm*/sec 
Cosine  of  the  inclination  of  slide  with  respect  lo 
vertical:  cos  0  =  0.0.1 

Viscosity:  p  =  0.2  poise  (MIL-11-5606  fluid) 

Row  rate:  Q  =  0.01  cni3/sec 
Width  of  U-houndary:  W  =  0.45  cm 

The  value  of  the  fluid  film  height.  8,  is  evaluated  as 
follows  from  Lq.  (1). 


Substituting  the  various  values  into  the  above  equation 
yields 

ft  3x(.2)x(0.01) 

(0.8)x(980)x(0.45)x(0.03) 

*0.083  cm 

If  we  consider  a  particle  of  diameter  15  pm  (that  is. 
D  =  15  pm),  then  the  only  other  parameter  required  in 
l-q.  (16)  is  the  settling  velocity.  VT,  of  the  particle. 
Settling  velocity  is  given  by  Lq.  ( I  I )  in  which  the  mag¬ 
netic  term.  Kll  (dll/dx).  is  unknown.  Hence,  an  approxi¬ 
mate  evaluation  of  settling  velocity  must  be  performed. 

The  average  velocity  of  fluid  flow  is  given  by  Lq  (4). 
Substituting  various  values  given  above  into  Lq.  (4) 

...  .  (0.8)  (980)  (0.083*)x(0.03) 

U*(ove) - 37(02) - 

*0.27  cm/tec 


travel  on  the  slide,  then  ihe  lime  tor  which  it  travels  in 
the  Hu  id  is  given  by : 

l  ime  of  travel  =  Glance  traveled  ,n  cm 

average  velocity  in  cm/sec 

=  0.5 
0.27 

=  I  NS  seconds 

If  Ihe  particle  enters  the  slide  at  lop  of  Ihe  film 
height  (that  is.  xu  =  fi>.  then  the  settling  velocity  is: 


Settling  velocity.  VT  = 


film  height  ft _ 

lime  lo  travel  Ihe  distance 


_  0.0X2  cm 
I  ,X5  sec 


=  0.045  cm/sec 


An  alternate  method  lo  find  settling  velocity  is  to  use 
lq.  (IX)  in  which  the  value  of  the  magnetic  term. 
Kll  (dll/dx)  evaluated  for  deriving  this  equation  is  used. 
This  value  was:  Kll  (dll/dx)  =  1.25  x  10*  dynes/cc. 


Using  Lq.  ( IX).  settling  velocity.  VT.  is: 


V 


18p. 


05  x  IQ'4)2  cm2  (1,25  x105qcm~z»ec'z) 
18x(0.2  gm  cm’1  sec"1) 


*0.078  cm /sec 

Clearly,  Ihe  value  of  settling  velocity.  VT,  obtained 
by  this  method  is  more  than  Ihe  value  obtained  using  the 
average  velocity.  Since  the  exact  value  of  Kll  (dH/dx)  is 
unknown,  Ihe  value  of  settling  velocity  as  0.045  cm/sec 
will  he  used  for  illustration  purposes. 


To  demonstrate  the  effect  of  the  initial  position  of 
the  particle,  the  various  values  evaluated  above  are 
substituted  into  Lq  (16).  Lq.  (16)  can  be  normalized 
in  terms  of  film  height.  5.  as  given  below: 


Ptg  cos  0  8  |  x  t  _1_  *o  3 
>■  2MVT  I'  8  3b* 


(21) 


Substituting  various  values  into  Eq.  (21)  yields. 


(0.8)(980)(0.03)(0.083ft.  x«.»  J. ,**.?] 
»“  2(0.2)(0.045)  V  *'  3  o  J 


If  it  is  assumed  that  the  magnetic  particle  of  15  pm 
diameter  gets  deposited  within  the  first  5  mm  of  its 


*0.75[(^)*-^(^)8] 


(22) 
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elsewhere  anil  are  not  discussed  in  this  paper  The 
primary  interest  here  is  how  the  modeling  discussed 
above  affects  the  density  readings  in  terms  of  particle 
deposition. 

A  fluid  sample  used  in  the  I'errographic  process 
contains  different  sizes  of  particles  and.  as  has  been 
seen  earlier,  they  can  get  deposited  in  a  random  fashion 
as  illustrated  in  Tig.  X.  The  statistical  nature  of  the 
deposition  of  particles  renders  the  analysis  difficult. 
However,  an  analytical  expression  can  he  derived  for  the 
density  readings  to  identify  and  investigate  the  effect  of 
deposition  of  the  particles  as  given  by  Tip  1 16). 

Let  there  Ik-  n,  particles  of  diameter  I),.  n2  particles 
ot  diameter  02.  etc.,  so  that  the  total  number  of  parti¬ 
cles.  n.  is 

n*  I  n,  «2S) 

i»1 

where:  k  =  the  to  it  number  of  different  particle  sizes  in 
the  sample 


Thus,  if  the  particle  enters  the  slide  at  the  lop  of  the 
falling  film,  that  is,  n0/H  =  I.  then  zp  =  0.5  cm  or  5  nun 
from  the  point  of  entry  on  the  slide.  The  variation  of  zp 
as  a  function  of  x0  is  given  in  T'ig.  X.  Front  the  figure, 
it  is  seen  that  a  particle  may  be  deposited  anywhere  on 
the  length  of  5  mnt,  depending  upon  its  initial  position. 
x„.  It  is  also  seen  that  if  equal  probability  is  assigned  to 
a  particle  to  have  its  location.  x0,  then  50%  ol  the 
particles  in  the  sample  <x0/5  <  0.5)  get  deposited  with¬ 
in  20%  of  its  maximum  possible  travel.  This  explains 
why  a  large  deposit  of  larger  particles  is  always  observed 
at  the  entry  point.  Thus,  it  appears  that  the  location  of  a 
particle  on  the  Ferrogram  is  strongly  affected  hy  its 
initial  height  above  the  slide.  However,  as  mentioned 
earlier,  the  effect  of  the  increasing  magnetic  field  gradi¬ 
ent  is  to  force  the  particle  not  to  travel  farther  from  the 
near-entry  region,  especially  in  case  of  larger  particles. 
In  the  case  of  smaller  particles,  if  they  are  magnets  by 
virtue  of  their  few  domains,  they  may  get  deposited 
anywhere  on  the  Ferrogram,  scattered  over  a  larger 
length  of  the  slide. 


Location  of  these  magnetic  particles  on  the  slide  is 
governed  by  Tq.  (21).  As  given  by  Tq.  (16)  for  a  given 
fluid  sample,  ihc  parameters  which  control  the  location 
of  the  particles  are  its  initial  position  at  then  entry.  xc, 
and  the  settling  velocity,  VT.  Settling  velocity  is,  in 
turn,  controlled  hy  the  daimeter,  D.  and  density,  pp, 
of  the  particle.  If  the  analysis  is  restricted  to  particles 
of  the  same  material,  say.  ferrous  particles,  then  tq.  ( 16) 
and  ( 17)  can  be  presented  as: 


V 


9ptq8\osg[(-^)2-|(^)> 


where: 


«4» 


The  foregoing  section  demonstrated  that  the  initial 
location  of  the  particle  as  it  enters  the  slide  has  a  strong 
influence  over  the  final  location  of  the  particle  on  the 
Ferrogram.  This,  in  turn,  affects  the  other  analytical 
results  in  terms  of  optical  density  readings.  The  next 
section  covers  the  optical  density  readings  as  affected  hy 
the  Ferrographic  process  discussed  so  far. 

OPTICAL  DENSITY  READINGS 

The  primary  tool  for  quantitative  and  fast  assessment 
of  the  wear  situation  is  measuring  the  optical  density  on 
the  slide  (l.2|  The  optical  density  reading  is  essentially 
a  function  of  the  percent  area  covered  by  the  wear 
particle  deposited  on  a  specific  location  on  the  slide  and 
is  measured  by  the  amount  of  light  blocked  by  the  wear 
particles  in  the  aperture  of  the  optical  densitometer. 
Details  regarding  these  optical  methods  are  available 


9ptg>aco»ft 

9<V'»,  +  KHS 

A  is  a  constant  of  the  Analytical  Ferrogram  for  a  given 
fluid  and  material  of  the  particle. 

Eq.  (24)  shows  that,  in  an  ideal  case,  a  particle  of 
given  diameter  gets  deposited  from  entry  point  to  a 
maximum  distance  of  (2/3)A4*/tf  from  the  entry  point. 
This  maximum  distance  is  achieved  when  the  particle 
enters  the  slide  at  the  maximum  film  height,  that  is. 
xc  =  6.  It  was  shown  earlier  that  50%  of  the  particles 
would  get  deposited  in  20%  of  its  maximum  possible 
distance  as  described  above.  If  the  diameter  of  the 
various  n,  particles  in  the  fluid  sample  as  given  by 
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1 1),  (23)  is  I),,  Dj  .  .  .  (so  (hat  (here  are  rij  particle-sol 
I),  diameter.  n2  particles  of  D2  diameter,  etc.),  then 
each  size  particle  will  gel  deposited  on  (he  slide  within  a 
specified  maximum  distance  corresponding  to  that  size, 
as  given  by  Fq.  (24).  l-'ig.  ')  shows  an  illustration  of  this 
situation.  Alternately,  it  can  be  said  that  a  given  location 
on  the  slide  would  consist  of  different  types  of  particles 
and  number  of  particles  of  each  size  for  that  location, 
decreasing  as  the  particle  size  decreases.  It  should  he 
noted  that  this  conclusion  is  based  on  the  assumption 
that  the  particles  have  equal  probability  to  occupy  the 
initial  position  xD  at  the  entry  position  as  they  enter  the 
slide. 
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Fif.  10a.  Particle  Deposition  at  Any  Location.  At  a  Loca¬ 
tion  dZp,  Any  Particle  of  Diameter  Dr  Can  Get 
Deposited.  If  They  Enter  the  Slide  Within  a 
Band  of  Height  dxo2 . 


Fig.  10b.  Measurement  of  Area  Covered  by  Densitometer. 
Area  Covered  by  Aperture  -  (n/4)  (Area 
Covered  in  dzp/b). 


Fi«.  9.  Maximum  Particle-Travel  and  Its  Effect  On  Area 
Covered. 

Optical  density  readings  arc  taken  at  a  specified 
location  on  the  slide,  say.  the  point  upstream  34  mm 
from  exit  end  (designated  as  D34).  Density  readings 
correspond  to  the  area  covered  by  the  particles  in  the 
aperture  of  the  densitometer  (normally  l-mm  diameter). 
For  a  l-mm  length  of  the  Ferrogram  slide  along  the 
direction  of  the  How,  then  the  aperture  of  the  densito¬ 
meter  corresponds  to  this  length  by  the  following  rela¬ 
tion: 


w_  Wig) 
4  b 


(28) 


where:  dzp  *  the  l-mm  length  considered  along  the 
length  of  the  Ferrogram  where  density  readings  are 
taken,  and  h  =  the  width  of  the  Ferrogram  deposit 
measured  laterally. 

Fig.  10  shows  how  this  area  is  represented.  Also 
shown  in  Fig.  10  is  how  particles  of  various  diameters 
form  trajectories  to  get  deposited  in  this  particular 
location  as  given  by  Fq.  (24).  From  Fig.  10.  it  can  be 
seen  that  a  particle  of  diameter  D,  should  enter  the 
slide  within  a  certain  specified  band  of  height.  dxo|. 


above  the  slide  if  it  is  to  be  deposited  within  the  l-mm 
distance  selected.  Similarly,  another  particle  of  diameter 
l)2  would  take  -mother  band  of  height  dxo2.  This  value 
ean  be  evaluated  l->  differentiating  Kq.  (24)  and  setting 
d/.p  =  I  mm  O'  (’  >  -  that  is, 


dV^2  (28x6-x#z)d*. 


3  2 

8  D  dz« 

<V - —r 

0  A(28x0-k#2) 

Consequently, 


aWdip 

A(28x9r*#*) 


(26) 


(27) 


where:  i  =  7  lo  k  gives  the  different  particle  diameters 
that  could  gel  deposited  in  the  specified  location. 

In  Eq.  (27).  dzp  is  the  length  of  0.1  cm  at  a  specified 
location  z  (for  example.  54  mm  from  exit  end  of 
Ferrogramk  In  this  equation.  xoi  should  be  evaluated 
for  the  given  location  ip  using  Eq.  (24).  This  involves 
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the  solution  of  a  cubic  equation  in  xD  anil  lienee  is 
leilious.  An  approximate  method  is  to  lineari/e  I  q.  (24>. 
It  was  shown  earlier  that  SO'..'  of  the  particles  which 
happen  to  arrive  at  the  bottom  hall  of  the  film  height 
at  entry  (that  is.  xe/ft  <  0.5)  gel  deposited  within 
ol  the  maximum  distance  a  particle  can  travel.  For 
example.  SOW  of  15  j<m  particles  will  get  deposited 
within  I  mm  of  its  entry,  if  the  maximum  distance 
such  a  particle  can  travel  is  5  mm.  If  a  particle  can  travel 
a  maximum  of  50  mm  in  the  fluid  before  getting  de¬ 
posited  (that  is.  when  it  enters  the  slide  at  maximum 
height.  xc  =  ftl.  then  5 O'/I  of  those  particles  gel  depos¬ 
ited  approximately  in  the  first  20  nun  on  the  slide. 
However.  Ihcir  contribution  to  the  optical  density 
readings  could  logically  he  assumed  to  he  negligible  due 
to  their  scatter  in  location  and  lesser  diameter.  Conse¬ 
quently.  i|  can  lx-  assumed  that  the  particle  which  enters 
the  top  half  of  the  film  height  contributes  more  to  the 
optical  density  readings.  Strictly,  this  assumption  will 
he  more  valid  in  a  severe  wear  situation,  when  the  num- 
her  of  larger  particles  is  greater.  Accordingly.  I.q.  (241 
can  he  approximated  as: 

VF1¥'0-3"'it>05  » 


In  the  general  case. 

I  •  <-**  -  0.31)  («*•) 

9  Dj  8 

where:  z  *  the  location  where  density  readings  are 
taken  Isay,  D54V 

l:rom  this  equation. 


If  there  is  no  overlapping  of  the  deposited  particles 
on  the  l-errogram.  then  the  area  covered.  S.  by  these 
particles  is  given  by: 


Substituting  for  P,  from  I  q.  (50)  gives 

S^Di4  ns  <fcp 


Total  jrca  covered  by  all  the  particles  of  different 
diameters  in  the  particular  location  selected  is 


<90 


where:  St  =  total  area  covered  by  the  particles  in  loca¬ 
tion  selected  for  optical  density  reading,  l)4  =  the  parti¬ 
cle  diameter.  ni  *  the  number  of  particles  of  diameter 
l){.  and  d/p  =  0. 1  cm  corresponds  to  aperture  of  the 
densitometer. 


If  the  particles  are  deposited  uniformly  in  the  width, 
b.  of  the  1‘errogram  deposit,  then  the  area  covered  under 
the  densitometer  will  he: 
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ii 

4  b 


ily0*4"*  <d,*) 


(32) 


where:  Sc  =  the  area  covered  hy  the  particles  in  the 
aperalurc  of  the  optical  densitometer. 


*oi 


ip+0.31) 


Differentiation  of  this  equation  yields 


d*.,« 


dip 


(2») 


where:  dzp  “  the  length  0.1  cm  at  location  z  where 
density  readings  arc  taken,  and  dxol  *  the  band  of 
height  at  entry  from  where  particles  could  travel  to 
within  the  length  dzp. 


If  equal  probability  is  assigned  to  n,  particles  of 
diameter  P,  in  the  sample  liquid  lo  enter  at  any  height 
xol.  then  the  number  of  particles  which  enters  Ihe  band 
of  height  dxol.  designated  as  H,.  is 


Substituting  for  dxD|  from  Fq.  ( 2‘)(  in  the  above  equa¬ 
tion  yields 


P." 


n,  dip 


<901 


At  a  given  location  away  from  the  entry  region 
tsay.  D30).  the  maximum  size  of  the  particle  which  can 
be  deposited  is  again  governed  hy  I'q  (24).  So  in  finding 
Ihe  total  area  covered  hy  particles  as  given  by  l-.q  (32), 
only  those  particles  which  can  get  deposited  there 
should  he  considered  instead  of  all  sizes  of  particles. 
In  other  words.  Ihe  suffix  “i"  in  Fq.  (32)  varies  from 
some  intermediate  number  y  lo  k  instead  of  1  to  k  like 
in  the  near-entry  region. 


I  q.  (32)  indicates  that  the  optical  density  readings 
are  directly  proportional  to  the  number  of  particles  and 
lo  Ihe  fourth  power  of  diameter  of  the  particles.  Thus, 
in  a  severe  wear  process,  when  large  particles  are  greater 
in  number,  Ihe  influence  of  small  particles  near  the  entry 
region  <D54,  D50.  etc.)  is  insignificant.  This  makes 
l-errography  a  powerful  tool  in  analyzing  a  serious  wear 
situation. 

from  the  foregoing  modeling  of  the  Ferrogram,  it 
could  he  stated  that  optical  density  readings  near  the 
entry  are  the  most  accurately  measureable  quantity 
since  the  diameter  of  the  particles  is  l»wr  and  the 
trajectory  of  the  particles  is  smaller.  From  experience 
at  the  Fluid  Power  Research  Center  al  Oklahoma  State 
University,  the  position  D54  has  been  found  to  be  Ihe 
best  location  for  taking  a  fairly  accurate  density  reading. 


72 


this  position  avoids  the  entry  deposit  congestion  and 
the  high  statistical  dispersion  towards  the  exit  end.  The 
measurement  of  l>50  is  subjected  to  more  scatter  than 
054.  In  any  case,  an  average  of  three  readings,  ineluding 
two  other  close  locations  on  cither  side  of  the  desired 
location,  could  he  used  to  identify  the  corresponding 
optical  density  readings.  Density  readings  at  the  lower 
end  of  the  Ferrogram  are  subject  to  high  statistical 
variations  which  diminish  their  usefulness. 

VARIATION  FROM  IDEAL 
FERROGRAPHIC  PROCESS 

So  far  the  Ferrographic  process  has  been  analyzed 
considering  it  as  an  ideal  case.  In  an  actual  situation,  a 
number  of  parameters  are  uncontrollable.  For  example, 
wear  particles  are  rarely  spherical.  Magnetic  particles 
interact  with  one  another  and.  accordingly,  the  dnalyli- 
cal  concept  presented  on  an  individual  particle  basis 
needs  realistic  interpretation.  Variations  from  ideal 
assumptions  and  their  effect  on  the  process  will  now  be 
discussed. 

/■'low  /‘roper ties 

The  flow,  as  it  enters  the  slide,  is  not  fully  developed 
laminar  flow.  In  this  unsteady  condition,  particles  which 
move  downward  due  to  the  momentum  of  entering 
fluid,  may  not  move  up  towards  the  fluid  surface  even  if 
the  fluid  has  a  component  velocity  in  that  direction. 
This  is  due  to  the  opposition  from  the  magnetic  forces. 
The  result  could  be  that  the  lower  portion  of  the  film 
height  can  have  a  higher  particle  density  than  the  higher 
portion.  This  would  tend  to  change  the  particle  deposi¬ 
tion  nearer  the  entry  location. 

Magnetic  Properties 

The  magnet  used  in  the  Ferrograph  uses  a  high  gradi¬ 
ent  field  to  obtain  sufficient  forces  to  attract  the  p arti¬ 
cles.  The  force  on  the  particle  is  governed  by  Fq.  (HI. 
Apart  from  the  volume  of  the  particle,  the  other  para¬ 
meters  are  the  volume  susceptibility  of  the.  materia!  of 
the  particle  (K),  field  intensity  (II),  and  the  rate  of 
change  of  field  strength  with  respect  to  vertical  distance 
Idll/dx).  The  value  of  susceptibility  is  dependent  on  the 
field  intensity  (II),  composition  of  the  particle,  mechan¬ 
ical  process  and  residual  stress  during  the  wearing  opera¬ 
tions.  etc.  ( 1 7 1 .  The  permeability  and  hence  volume 
susceptibility  of  the  material  (permeability,  p  =  <K  -  1)/ 
(4  it)  in  G.  S.  units)  is  found  to  change  with  aging 
and  thermal  cycling.  The  particles  in  a  sample  kept  for 
long  periods  may  have  a  decreased  permeability.  An  iron 
particle,  for  example,  with  all  the  effects  mentioned 
above,  may  have  its  susceptibility  changed  hy  a  factor  of 
more  than  lOO'/f.  In  such  a  case,  density  readings  near 
the  entry  region  Of  the  Ferrogfam  may  be  subject  to 
variations. 

One  of  the  methods  to  produce  a  high  gradient  field 
is  lo  introduce  small  magnetic  material  in  a  magnetic 
field  1 20  21.  221.  The  higher  gradient  produced  near 
this  magnetic  material  is  used  to  trap  other  smaller 
particles  in  a  flowing  fluid.  Based  on  this,  it  is  reasonable 
lo  expect  that,  in  a  Ferrogram.  larger  size  particles 


"catch  hold"  of  smaller  particles.  However,  such  “to¬ 
getherness"  may  not  affect  (he  density  readings  appreci¬ 
ably. 

Spherical  particles  as  in  "fatigue  wear”  and  plate-like 
particles  as  in  normal  wear  form  strings  or  flux  patterns 
in  the  direction  of  magnetic  field,  as  seen  on  a  Ferro¬ 
gram.  It  could  he  assumed  that  the  strings  are  formed 
while  the  particles  are  travelling  in  the  fluid  where  they 
have  more  mobility.  This  could  result  in  a  higher  equiva¬ 
lent  diameter  of  the  particle  and  may  amount  to  an 
increased  settling  velocity  and  a  forward  speed  which  is 
lagging  behind  the  fluid  velocity  |25|.  The  net  result 
would  be  for  the  string  of  particles  to  settle  earlier  on 
the  slide.  In  (he  case  of  spherical  particles  I  25).  they 
can  move  on  the  Ferrograph  due  to  the  slightest  fluid 
disturbance  and  due  to  the  component  of  magnetic 
forces  on  the  forward  direction  of  motion.  In  case  of 
rolling  fatigue  wear  particles,  density  readings  could  be 
affected  by  this  movement  of  particles  over  the  slide. 
Formation  of  strings  could  be  expected  to  reduce  this 
effect.  However,  since  particles  can  form  layers  when 
they  are  in  strings,  this  could  alter  the  density  readings 
at  a  given  location. 

K fleet  oj  Shape  oj  the  Particles 

Particles  exhibiting  a  flaky  or  plate-like  shape,  when 
they  settle  under  the  influence  of  magnetic  or  gravita¬ 
tional  forces,  can  experience  a  change  in  drag  forces  by 
a  ratio  of  three  or  four  times  if  they  fall  on  the  edge. 
Irregularly  shaped  particles  like  large  chunks  or  curled, 
propeller-type  particles  with  random  shape  as  developed 
in  cutting  wear  processes  would  rotate  as  they  travel  in 
the  fluid  |26|  and  may  show  more  drag  than  otherwise 
possible.  They  could  settle  in  any  fashion  on  the  Ferro¬ 
gram  since  hydrodynamic  forces  would  be  a  predomin¬ 
ant  factor  and  they  could  travel  well  beyond  the  entry 
location.  In  general,  non-spherical  particles  exhibit  more 
drag  and  such  particles  settle  at  locations  further  down¬ 
stream  than  if  they  were  spherical  in  shape. 

F fleet  o)  Fluid  Flow  and  Viscosity 

Viscosity  of  the  fluid  samples  used  in  Ferrographic 
analysis  cannot  be  standardized  to  a  constant  value  due 
to  the  wide  variety  of  fluids  in  systems  of  interest. 
Also,  in  preparing  the  sample  for  running  a  Ferrogram, 
dirty  oil  from  the  machine  is  mixed  with  a  solution 
primarily  to  obtain  a  uniform  distribution  of  particles  in 
the  sample.  Such  solutions  added  tend  to  reduce  the 
viscosity  of  the  sample  drastically.  Thus,  it  is  worthwhile 
to  investigate  the  effect  of  viscosity  on  the  density 
readings. 

Fq.  (52)  was  shown  to  be  representing  the  area 
covered  by  the  particles  at  a  given  location.  In  this 
equation,  the  constant  of  an  Analytical  Ferrogram,  A. 
is  given  by  Fq.  (24). 

9/»  fl«soo»j8 

A- - 1 - 31 r 
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Substituting  tor  A3  from  l-.q.  (3), 


Substituting  the  value  of  A  into  Fq  132)  yields  the 
area  covered  by  particles  in  the  aperture  of  the  densito¬ 
meter.  S„,  as 
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Fig.  11.  Effect  of  tiQ  on  Donaity  Read  aid.  At  Near 
Entry  Region.  Aa  pQ  Incieaaca,  Higher  Siza 
Par  tie  lea  Start  Arriving.  Which  Otherwiae, 

Wave  Conatrainad  to  U petream  Location. 

Sea  Eg.  (S3). 

If  an  experiment  is  conducted  with  particle  distribu¬ 
tion  and  sizes  known,  it  appears  from  Kq .  (33)  that  the 
area  covered  and,  hence,  the  optical  density  is  inversely 
proportional  to  pQ  Anywhere  along  the  Ferrogram, 
where  II  (dll/dx)  is  higher  (say,  heyond  20-25  mm  from 
exit),  the  variation  in  ftQ  will  not  have  an  appreciable 
effect  on  density  readings,  since  the  particles  are  mag¬ 
netically  saturated.  Hence,  the  locations  mostly  affected 
by  changes  in  viscosity  and  flow  are  the  few  millimetres 
from  the  entry  point.  Fig.  1 1  shows  the  effect  of  pQ  on 
the  density  readings  at  various  locations  on  the  Ferro¬ 
gram.  The  nature  of  the  curve  is,  however,  strongly 
affected  by  the  particle  distribution  in  the  sample. 
When  a  combination  of  various  sizes  and  numbers  of 
particles  is  present  in  the  sample,  the  area  covered  will 
still  he  controlled  by  the  largest  particles  and,  hence, 
the  above  arguments  hold  good.  It  follows  that  in  a 
severe  wear  process  when  the  viscosity  is  low,  as  in  some 
hydraulic  fluids  (for  example,  MIL-H-5606).  the  particle 
deposits  are  subjected  to  less  scatter  and  readings  at  the 
D54  and  D50  points  will  be  more  accurate.  When 
experiments  arc  conducted  with  different  fluids,  the 
total  areas  covered  over  a  certain  initial  length,  say. 


first  10  mm  from  entry,  could  he  selected  for  compari¬ 
son  purposes.  When  the  viscosity  increases,  flow  through 
the  peristaltic  pump  decreases.  If  these  changes  are 
small,  it  could  he  assumed  that  pQ  remains  constant. 
Hence  such  changes  need  not  be  considered. 

When  the  viscosity  is  low.  however,  the  flow  Rey¬ 
nolds  number  would  increase  and.  consequently,  there 
would  be  more  disturbance  at  the  entry  region.  This 
causes  the  entry  and  1)54  readings  to  increase  and 
1)50  or  lower  readings  to  be  reduced.  In  this  respect,  the 
dilution  of  less  viscous  oil  with  solvent  could  cause 
problems.  A  qualitative  assessment  of  this  situation  is 
difficult  due  to  the  random  nature  of  the  motion  of  the 
particles  in  the  initial  entry  location. 

i.ffeet  of  Delivery  Tithe 

The  fluid  sample  is  delivered  to  the  slide  through  a 
lube  of  about  1.5-millimetres  diameter  which  is  fixed  to 
a  turret  lube  arm.  It  is  reasonable  to  believe  that  the 
position  of  the  fluid  exit  from  the  tube  has  a  strong 
influence  over  the  "quality"  of  the  Ferrogram.  If  the 
pipe  end  is  not  touching  the  fluid  flowing  over  the  slide, 
fluid  may  drip  onto  the  slide  and  the  flow  will  be  un¬ 
settled  in  the  initial  region  of  the  slide.  If  the  pipe  end 
is  immersed  m  the  fluid,  or  “just  touching"  the  slide, 
the  initial  value  of  x0  for  the  particles  in  the  fluid  is 
small.  Subsequently,  a  higher  density  reading  at  the 
entry  and  D54  could  be  expected.  Further,  due  to 
low  velocity  of  fluid  near  the  lube  wall,  the  entry 
deposit  would  be  more  in  the  periphery  region  of  the 
tube,  primarily  towards  the  U-end  of  the  slide.  If  a 
bevelled  edge  is  used  at  the  tube  end.  then  one  large 
entry  deposit  near  the  U-end  and  a  statistical  distribu¬ 
tion  of  the  initial  height  of  the  particles  could  be  the 
result.  Further  experiments  are  necessary  to  determine 
whether  an  optimum  tube  configuration  and  a  method 
for  a  controlled  particle  entry  are  possible. 

men  "I  Sample  Volume  and  Coneentration 

From  an  ideal  Ferrogram  point  of  view,  sample 
volume  and  particle  concentration  have  no  effect  on  the 
location  of  the  deposition  of  a  particle  on  the  slide. 
However,  a  large  concentration  or  uneven  distribution  of 
particles  in  the  sample  promotes  particle  agglomeration 
and  subsequent  deposition  at  an  earlier  location  on  a 
Ferrogram.  They  may  decrease  the  density  of  the 
Ferrogram  by  forming  layers  and  by  a  shift  of  position. 
Increasing  the  concentration  or  sample  volume  further 
may  make  the  densitometer  reading  saturate  due  to  the 
property  of  the  instrument  ( 27 1;  hence,  the  volume  of 
the  sample  is  adjusted  by  diluting  the  fluid  so  that  the 
density  reading  is  in  between  10  and  40.  Details  regard¬ 
ing  the  densitometer  and  its  functioning  are  available  in 
Ref.  1 1,  2.  *»|. 

DISCUSSION 

It  has  been  pointed  out  that  there  are  a  number  of 
variables  associated  with  the  flow  particles  in  the  fluid 
film.  It  has  been  mentioned  that  the  position  near  D54 
would  be  the  best  position  (based  on  experiments  men- 
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honed  in  references  and  based  on  the  theory  presented 
here)  lor  a  quantitative  appraisal  in  terms  of  density 
readings.  1)50  readings  arc  subjected  to  more  scatter 
lhan  1)54.  However,  when  the  wear  situation  becomes 
critical,  particle  si/.c  and  numher  increase  and.  accord¬ 
ingly.  the  density  readings.  A  definite  relation  between 
the  increase  in  density  readings  and  particle  concentra¬ 
tion  is  difficult  to  predict.  But.  based  on  the  increased 
density  readings,  the  wear  situation  can  he  assessed. 
Qualitative  examination  by  means  ot  optical  and  elec¬ 
tron  microscopes  and  other  methods,  like  heating  the 
I  errogram  for  identification  of  particles,  etc.,  would 
further  expand  the  study  of  wear  phenomena.  Further, 
if  a  method  to  ton. r- >1  the  initial  posilon  of  the  particle 
on  the  Fcrrogram  could  he  devised,  that  would  help 
decrease  the  scatter  of  density  readings. 

It  ntay  be  worthwhile  to  investigate  the  degradation 
rale  of  the  magnet  used  in  the  Fcrrogruph.  It  is  possible 
that  there  may  lx-  "aging"  of  the  magnetic  material  as  a 
function  of  lime,  especially  if  it  is  subjected  to  tempera¬ 
ture  variaiions.  Handling  ot  the  equipment  has  to  he 
extremely  careful  in  that  if  a  weight  or  other  objects 
accidently  fall  on  the  magnet,  its  magnetism  may  deteri¬ 
orate.  In  any  such  circumstance,  it  should  he  noted  to 
ensure  that  density  readings  at  a  location  are  not  af¬ 
fected  by  the  magnet. 

In  view  of  the  scatter  possible  on  the  density  read¬ 
ings.  the  concept  of  Severity  Index  poses  some  problem. 
Severity  Index  (ls)  as  proposed  in  Kef.  I  29 1  is  given  by: 

v\2~a.2 

where:  AL  and  A,  are  the  percent  area  covered  at  54 
and  50mnr  from  the  exit  end.  respectively. 

Considering  lire  scatter  in  density  readings,  as  the 
state-of-the-art  of  lerrography  stands  today,  it  seems 
more  reasonable  lo  have  a  Severity  Index  which  inte¬ 
grates  all  density  readings  in  between  a  certain  distance 
over  the  Ferrogranr  Isay,  from  D50  lo  entry)  with  due 
weighting  for  near  entry  locations.  Such  an  index  can 
be  represented  as 

•an 

I.*  2  (Dm)* 

5  090 

where: 

M  -49 

For  example,  at  53  mm  from  exit.  8  would  be  53  -  4‘> 
*  4.  Such  a  description  of  Severity  Index  will  tend  to 
nulify  the  effect  of  scatter  in  density  readings. 

CONCLUSION 

A  detailed  analysis  of  the  physics  of  an  Analytical 
l  errograph  wax  presented  in  this  paper.  Various  factors 
affecting  the  density  readings  in  a  Ferrogram  were  dis¬ 
cussed.  A  different  Severity  Index  approach  was  sug¬ 
gested. 


l  errography  remains  the  best  method  available  for 
wear  debris  analysis  in  spite  of  the  various  factors 
involved  lor  its  efficient  operation.  Development  of  a 
new  method  lo  control  the  initial  position  of  the  particle 
in  the  falling  film  has  the  best  promise  in  reducing  the 
scatter  and  making  l  errography  more  of  a  science  lhan 
an  art. 

*  *  * 
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APPENDIX-FLOW  REYNOLDS  NUMBER 

The  model  developed  in  the  paper  was  derived  on  the 
assumption  that  laminar  ripple  free  flow  existed.  The 
How  will  he  ripple  free  laminar,  if  the  Reynolds  number 
is  less  than  4.  (According  to  Ref.  |I4|.  How  is  ripple 
free  laminar  when  Reynolds  number  is  less  than  4-75.) 


Reynolds  number.  Re,  is  given  by  1 1 4  f , 

48U,(ave)p, 

- i _ _i _ 

•  p 

where:  S  =  the  maximum  film  height  as  given  by  Eq.  (3), 
p(  =  the  fluid  density,  p  =  the  fluid  viscosity,  and 
Ut(ave)  is  given  by  Eq.  (4) 

Substituting  for  6  and  Ut(ave)  from  Eq.  (3)  and  (4). 
respectively,  into  the  above  equation, 


The  following  values  are  assumed  for  the  variables  in 
the  above  equation. 

0  =  0.01  cc/scc 
p,  =  I  gm/ce 
p  =  0.01  poise 


The  value  of  0  selected  is  higher  than  normally 
occurring  in  the  Ferrograph  pt  and  p  are  that  of  water, 
so  that  these  values  give  a  conservatively  high 
Reynolds  number.  Substituting  these  values  into  the 
equation  for  Re, 


n  4(1)  (  01)  _ 

V  (.01) 


As  stated  at  the  beginning  of  the  Appendix,  when 
the  Reynolds  number  is  around  4,  the  flow  over  the 
Ferrogram  is  ripple  free  laminar. 

•  *  * 
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REFERENCE:  Nair,  K.,  “An  Appraisal  of  lh<>  Direct  Reidinx 
(DRlPrnopapli Thr  BKPR  Journal.  1980,  13:319-328. 

ABSTRACT:  The  Direct  Read  in*  (DR)  Fcrroftraph  was  initially 
ronetim  as  a  mr ana  (<»r  ncrrenui*  Ould  samples  in  order  to 
identify  Ih  >s*  which  should  be  studied  by  the  Analytical  (jilass 
slide)  Prnosotn.  in  practice,  the  DR  unit  has  been  plagued  with 
a  host  of  operational  problems  and  an  indeplh  analysis  of  its 
future  potential  was  deemed  necessary. 

This  paper  represents  the  results  of  a  significant  effort  at 
the  FPRC  to  |he  an  unbiased  appraisal  of  the  DR  system.  To 
maintain  an  unbiased  posture,  a  mathematical  model  of  an 
Idealised  unit  was  formulated.  Baaed  upon  this  model  and 
various  considerations  of  non -ideal  conditions,  an  I  might  was 
■aih ad  with  direction  for  improvements  which  could  not  be 
garnered  by  any  other  way.  This  paper  represents  the  full  report 
of  the  study. 

KBIT  WORDS:  Direct  Reading  (DR)  Fermgrapft.  influencing 
parameters,  mathematical  model,  analytical  readings,  wear 
prediction 


INTRODUCTION 

Monitoring  lubricating  oil  lor  wear  panicles  has  been 
accepted  as  a  realistic  and  economic  nondestructive 
method  lor  diagnosis  and  prediction  of  machine  mal¬ 
function  |l.  2 | .  Among  (he  many  methods  available, 
the  Direct  Reading  (DR)  l;errograph.  developed  by 
Trans-Sonic*.  Inc.,  provides  rapid  monitoring  of  wear 
withtHit  the  need  lor  time-consuming  analytical  pro¬ 
cedures  Ml-  In  operation,  the  DR  Ferrograph  magneti¬ 
cally  precipitates  the  wear  particles  from  a  representative 
fluid  sample  and  provides  digital  readings  of  both  large 
t>  5  /im)  and  small  1 1  to  2  fim)  particles  present  in  the 
fluid.  These  numerical  readings  and  their  relative  values 
indicate  the  condition  of  the  wearing  machine.  When  the 
DR  Ferrograph  indicates  an  abnormal  wear  situation, 
detailed  analysis  lor  si/e.  shape  and  material  of  (he  wear 
particles  can  be  done  on  an  Analytical  Ferrograph  |4|. 

I;ig.  I  shows  a  schematic  diagram  of  the  DR  Ferro- 
graph.  Sample  oil  in  the  vial  Hows  under  gravity  (by 
siphoning)  through  a  precipitator  tube.  Magnetic  wear 
particles  are  deposited  on  the  bottom  wall  of  the  tube 
under  the  action  of  a  high  gradient  magnet.  The  particles 
are  deposited  on  the  tube  according  to  their  size  with 
larger  particles  near  the  entry  side  of  the  precipitator 
tube.  Two  fibre-optic  sensors  are  provided  in  the  equip¬ 


ment  to  measure  the  optical  density  readings.  The  first  is 
located  near  the  entry  of  the  precipitator  lube  where 
large.  L.  particles  (>  5  /im)  are  located,  and  the  second 
beam  crosses  the  tube  where  the  smaller.  S.  particles 
(I  to  2  jam)  are  deposited.  An  elect ro-optical  system 
senses  the  attenuation  of  light  by  the  wear  particles  and 
indicates  the  attenuation  in  terms  of  DR  units  on  a 
digital  display.  Fig.  2  gives  a  schematic  of  the  optical 
system.  Absolute  and  relative  values  ut  L  and  S  are  used 
to  interpret  the  wear  situation  in  the  machinery. 
More  information  can  be  found  on  the  system  in 
Ref.  |3.  5.6.  7|. 

A  great  advantage  of  the  DR  Ferrograph  is  the  speed 
and  ease  of  analysis  of  a  wear  situation.  Additionally,  it 
requires  little  specialized  training  for  operation.  Predic¬ 
tion  of  incipient  failure  by  the  DR  Ferrograph  or  de¬ 
cision  to  go  for  detailed  analysis  depends  on  the  accu¬ 
racy  and  reliability  of  the  instrument.  The  Fluid  Power 
Research  C  enter  at  Oklahoma  State  University  has  used 
the  DR  Ferrograph  for  analyzing  the  wear  in  hydraulic 
systems  since  August,  1975.  During  this  period,  it  was 
observed  that  large  variations  were  present  in  the  DR 
readings  from  the  same  sample.  An  analysis  of  this 
Ferrographic  process  will  assist  in  defining  the  nature  of 
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BASIC  ASSUMPTIONS 


llu*  billowing  assumptions  are  made  to  derive  I  ho 
mathematical  model.  This  leads  to  an  idealized  situation. 
Any  deviation  from  the  assumptions  mailt*  and  iis  effect 
mi  the  I  errogiaphn.  process  will  Iw  considered  in  detail. 


■  'Ihc  fluid  in  Newtonian 

•  Ihc  particles  m  the  sample  arc  spherical  in  shape. 

■  Pantile  eonccnl  ration  is  low  enough  nn|  toallect 
ihc  thud  flow  <u  iis  viseosiiy 

■  Ihc  pariklc*  m  the  sample  ilo  nol  inleracl  under 
(he  presence  ««i  i he  magnetic  held. 

■  Brim  »i.jd  l » trees  are  negligible  anti  the  particle 
motion  i an  !v  idealized  base* I  on  hindamenlal 
thud  nieiiianics  and  magnetic  properties. 

I  he  assumption  that  the  particles  yie  spherical  in 
shape  is  t  ;i  r  liom  icahtv  l  I  led  ol  particle  shape  and  si/e 
will  be  deal!  vs tih  m  detail  m  the  discussion  part  of  the 
paper 


the  variation  by  identifying  critical  parameters  which 
control  the  behavior  of  Ihc  analysis  system. 

Ref.  f X |  describes  tile  effect  of  the  fluid  sample 
volume  on  l)R  readings.  In  this  paper,  an  analytical 
approach  to  the  OK  l  errogryphic  process  will  he  pre¬ 
sented.  Bused  on  the  model  developed,  discussions  are 
advanced  on  the  cffccl  of  various  parameters  on  the 
DR  readings  and  on  improvements  possible  for  reducing 
Ihc  scatter  in  the  readings. 


BASIC  PROCESS  OF  THE  DR  FERROGRAPH 

The  basic  DR  I  crrographic  process  can  be  *•:.»»- 
ntari/ed  as: 

1.  Preparation  of  sample. 

2.  Mowing  the  fluid  through  the  precipitator  tithe. 


MODEL  OF  FLUID  FLOW 


Sample  fluid  is  siphoned  tlnoiigh  a  capillary  h>  Ihc 
precipitator  lube  and  then  to  the  waste  bottle  through 
an  exhaust  tube.  The  flow  ol  the  fluid  is  normally 
about  5  cc/minulc.  bill  measurements  have  shown  large 
flow  variation.  Since  the  low  is  low.  (he  Reynolds 
number  is  far  less  than  2(h  0  and.  hence,  it  is  laminar. 
For  example,  with  Mll.-H-SoOh  petroleum  fluid.  Ihc 
Reynolds  number.  Re.  in  the  precipitator  tube  will  he: 


R. 


(0.8)k0.15" 

5 

0.1 

60*40.15* 

L 

L  4  J 

where:  f>{  =  density  of  fluid  =  0.8  gm/cc.  d  -  diameter 
of  the  precipitator  lube  0.15  cm;  Q  ~  flow  through 
the  prccipilatoi  5  cc/minulc;  p  =  viscosity  of  the 
sample  fluid  '  0.1  poise:  and.  A  =  area  of  the  precip  ta- 

Inr  luh»‘  =  iTit 2  iti 


.V  Precipital.on  of  particles  under  the  action  of  a 
high  gradient  magnetic  field. 

4.  Measurement  of  the  t.ensily  as  DR  units  hy  the 
electro-optical  system. 

|;or  the  analysis  presented  here,  it  is  assumed  that  the 
sample  is  prepared  according  to  the  procedure  given 
in  Ref.  1 5 1 .  Il  is  further  assumed  that  the  sample  has  a 
uniform  and  even  distribution  of  particles  and  there  is 
no  agglomeration  of  particles.  Normally,  the  “dirty 
fluid**  front  the  system  is  mixed  with  a  solvent  solution 
to  reduce  viscosity  and  to  reduce  the  agglomeration  of 
particles.  The  solvent  would  further  help  in  dissolving 
some  of  the  unwanted  contaminant  of  non-wear  origin. 
The  sampling  process  will  not  he  discussed  further  in 
this  paper,  However,  the  flow  process  and  the  particle 
dynamics  will  he  analyzed  in  detail  and  the  effect  of 
Hies*  parameters  on  the  electro-optical  system  output, 
that  ».  DR  readings,  will  he  investigated. 


In  the  capillary  tube  (internal  diameter  of  the  capil¬ 
lary  is  approximately  0.5  mm  on  the  average),  the 
Reynolds  number  would  he  about  three  times  that  in 
the  precipitator  tube.  II  we  lake  into  account  the 
influence  of  solvent  added  to  the  fluid,  assuming  the 
same  flow  rale.  Q.  ihc  Reynolds  number  would  he 
double  the  value  us  mentioned  earlier  (assuming  solvent 
reduces  viscosity  hy  half).  In  any  case,  the  flow  in  the 
lube  is  a  low  Reynolds  number  laminar  type. 

The  path  of  the  fluid  flow  is  shown  in  Fig.  I.  It 
consists  ol  a  capillary  lube  section,  precipitator  lube  and 
a  delivery  section.  If  the  capillary  lube  is  assumed  to  be 
circular  in  cross-section  and  uniform  in  diameter,  then 
the  flow  under  gravity  through  the  system  with  the  help 
of  the  llagen-l'oiscuille  equation  can  be  predicted. 
However,  since  the  effect  of  losses  at  entrance  and  exit 
of  the  tube  sections  must  be  considered,  this  makes  il 
a  tedious  effort  to  obtain  an  analytical  expression.  In 
principle,  the  system  works  like  a  Rankine  visco- 


meter  I  lOj  used  t«>  measure  viscosity  ol  Ituids.  with  the 
major  head  |o%s  being  in  the  capillary  portion  of  the  flow 
path.  Another  parameter  which  controls  the  How  is  the 
reduction  of  gravity  head  us  sample  lluid  is  emptied 
from  the  vial,  liiuilly.  the  cross-sect  ion  ol  the  capillary 
is  not  perfectly  circular  and  max  vary  along  its  length. 
With  all  these  effects,  the  How  does  not  remain  inversely 
proportional  to  the  fluid  viscosity  as  would  he  expected 
from  the  llagen-Poiscuillc  equation. 

An  alternate  method  could  he  to  calibrate  the  system 
with  known  fluid  viscosity  and  find  the  calibration 
constant.  This  constant  could  lv  used  for  other  samples 
assuming  “average"  dimensions  of  the  capillary  tulv 
remain  eonstanl.  t Alter  a  sample  is  run.  the  used  tube 
assembly  is  rejected.)  In  fiither  analysis,  the  assumption 
is  made  that  the  flow.  Q.  is  inversely  proportional  to  the 
viscosity  of  the  lluid.  or: 

o  *  £  m 

where:  s:  a  conslatil. 

At  this  point,  a  word  ol  caution  about  very  low 
Reynolds  number  How  should  Ik*  given.  Ref.  |  I0| 
proposes  that  the  effect  ol  higher  order  terms  of  vis¬ 
cosity  on  the  How  rate.  0.  will  be  more  predominant 
when  the  Reynolds  number  is  less  than  0.5.  In  such 
cases,  as  with  highly  viscous  lubricating  oils,  the  Rey¬ 
nolds  number  should  be  checked  to  avoid  erroneous 
results. 

Mind  entering  the  precipitator  tube  from  the  capil¬ 
lary  w  decelerated  since  the  precipitator  tithe  is  larger  m 


cross-sect  ion.  Ii  is  assumed  ilut  the  flow  will  lv  fully 
developed  laminar  when  the  wear  particles  come  under 
the  influence  of  the  magnetic  field.  I  or  an  approximate 
evaluation  of  ihc  length  required  to  Jew  lop  the  laminar 
Mow.  the  value  given  in  Ret.  (Ill  can  be  adopted  lhal 
is.  the  length  required  lor  fully  developed  laminar  time. 

I  e.  is  given  In 

Lt«  0.035  d  Rt. 

where  d  =  the  diameter  ol  precipitator  tube,  and  R€  - 
the  Mow  Reynolds  number  in  the  precipitator  lube. 

I  sing  the  values  for  d  ami  Rf  given  earlier  in  the 
paper. 

Le  « 0.035  (0.15  cm)  (5.6)  -  0.03  cm  ■»  0.03  cm 

Clearly,  this  is  a  smaller  length  compared  to  the 
length  ot  the  precipitator  tube  outside  (lie  magnetic 
assembly.  I  See  fig.  It  Thus  fully  developed  laminar 
Mow  exists  at  the  section  where  the  particles  become  in- 
lluenccd  by  the  magnetic  field. 

At  this  point,  a  set  of  coordinate  axes  is  established 
to  define  the  fluid  flow  and  later  the  motion  of  the  wear 
particles,  l  ig.  5  shows  the  coordinate  axes  chosen.  The 
origin  chosen  is  the  junction  of  the  tube  bottom  inner 
surface  and  end  of  the  magnetic  assembly  with  the 
\-axis  perpendicular  to  the  axis  of  the  tube  and  /-axis 
along  the  direction  of  flow.  The  Y-axis  is  selected  later¬ 
ally.  as  shown  in  I  ig.  5. 

Using  classical  analysis,  the  velocity  distribution  in 
the  pipe  cross-section  is  parabolic  }  1 1 }.  with  maximum 
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velocity  ul  |hv  center  ol’  the  pipe,  as  shown  in  l  ig.  4. 
I  he  velocity  in  the  /-direction,  li,.  at  any  point  in  the 
Uihe  cross-section  is  given  by: 

U,*2U(„>[l-(fc*  ]  (2) 


where:  Ulav)  =  average  fluid  vcloeity  in  the  preeipilalur 
luhe.  r  »  radius  at  any  point  where  velocity  is  measured, 
and  R  ■  the  radius  of  the  precipitator  luhe. 


The  average  velocity.  Ulav).  is  given  hy. 


l  ig.  s  slums  the  various  forces  acting  on  a  inagnetie 
particle.  Neglecting  gravity  and  buoyancy,  the  various 
lorees  acting  on  the  particles  are  discussed  below: 


Magnetic  force.  I;  ,  is  given  hy: 


K  H- 


dH 

d* 


(4) 


where:  I)  -  diameter  of  the  particle.  K  =  volume  sus¬ 
ceptibility  of  the  particle.  II  *  field  intensity  of  the 
magnet,  and  dll/dx  «  field  gradient  of  Ihe  magnet  in 
the  X-direetion. 


« 

where:  Q  =  flow  rate  through  the  precipitator  tube,  and 
A  =  area  of  the  precipitator  tube  =  rrK1. 

The  purpose  in  developing  the  model  is  to  find  how 
the  fluid  flow  a  flee  Is  the  wear  particle  deposition  in  the 
precipitator  tube  under  the  influence  of  the  magnet. 
The  next  section  discusses  these  aspects  of  the  particle 
dynamics. 


At  any  cross-section  of  Ihe  tube.  Ihe  values  of  II  and 
dll/dx  change,  however,  il  can  he  assumed  thal  this 
value  remains  constant  along  a  given  eross-scelion.  The 
magnet  in  Ihe  DR  l-'errograph  has  its  value  of  II  idll/dx) 
varying  along  Ihe  direction  of  fluid  flow. 

The  drag  force  acting  on  the  particle  can  be  divided 
into  I  wo  components  one  in  Ihe  X-direetion  and  Ihe 
other  in  the  /.-direction.  The  drag  forces  for  the  low 
Reynolds  number  flow  are  given  hy  Slokcs  Law. 

Drag  in  Ihe  X-direclion  hy  Stokes  Law  is: 


PARTICLE  DYNAMICS 

Magnetic  particles  entering  Ihe  "magnetic  region” 
travel  toward  the  bottom  of  the  precipitator  tube  under 
the  action  of  Ihe  magnetic  forces.  The  forces  acting  on 
the  particle  are  gravity  force,  magnetic  force,  fluid  drag, 
and  lift  forces.  Reference  is  made  to  a  companion  paper 
hy  the  author  on  the  analysis  of  an  Analytical  F'erro- 
graph  1 1  - 1  in  which  a  detailed  discussion  of  these 
various  forces  is  presented.  In  Ref.  1 1  ’) .  it  was  shown 
that  the  gravity  forces  are  much  smaller  than  the  mag¬ 
netic  forces  and  these  forces  can  be  safely  neglected  for 
the  analysis.  In  other  words,  in  the  absence  of  a  power¬ 
ful  magnet,  there  would  he  very  few  wear  particles 
deposited  inside  the  precipitator  tube.  It  is  further 
shown  later  in  this  section  that,  in  the  absence  of  a 
magnet.  Ihe  chance  of  any  particle  getting  deposited  is 
nil  due  to  lift  forces  acting  on  the  particles. 


DV,  0) 

where:  Fdx  =  Ihe  drag  force  on  the  particle  in  the 
X-direetion.  p  =  absolute  viscosity  of  the  fluid,  and 
Vx  »  velocity  of  the  particle  in  the  X-direetion  (towards 
the  magnet). 

Another  force  acting  in  the  X-direetion  is  the  hydro¬ 
dynamic  lift,  which  will  he  small  compared  to  ihe 
magnetic  forces.  Il  will  he  shown  that  the  hydrodynamic 
lift  on  the  particle  has  a  strong  effect  on  the  initial 
entrance  of  a  particle  in  the  tube. 

In  the  Z -direction.  the  forces  acting  on  the  particles 
are  the  component  of  gravity  trying  to  move  the  particle 
against  ihe  flow  and  Ihe  fluid  drag  trying  to  move  the 
fluid  along  the  flow.  In  practice,  these  forces  are  small 
enough  so  that  the  particle  velocity  is  approximately 
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the  same  as  the  fluid  velocity.  This  assumption  stems 
from  the  basic  How  visualization  techniques  in  fluid 
mechanics  measurements  |l.l|.  Consequently,  in 
l-.q.  (21.  we  can  replace  fluid  velocity.  II,.  hy  the  panicle 
velocity.  V,.  Thus,  the  particle  velocity  in  the  /-direc¬ 
tion  at  any  point  in  the  fluid  can  lie  given  hy: 

vi*2U<«v)  (•> 

Differences  in  fluid  velocities  on  lop  und  bottom 
surfaces  of  the  particle  (due  to  parabolic  velocity  pr»>- 
file)  cause  it  to  rotate,  deriving  energy  from  the  fluid 
stream.  Subsequently,  particles  lag  behind  the  fluid 
velocity,  lag  being  maximum  near  the  walls  due  to  a 
higher  velocity  gradient.  This  difference  in  velocity  is 
shown  schematically  in  I'ig.  4.  1‘ven  though  this  velocity 
difference  is  small,  it  develops  lifting  forces  on  the 
particles. 

Iq.  (6)  gives  the  motion  of  the  particle  in  the  Z- 
di  reel  ion.  Expressing  l-q.  (6)  in  terms  of  (artesean 
coordinates.  (See  I’ig.  .V). 

[**-<*-«»%*]  (7) 


from  which 


di  m2  U(«v) 

d*  R* 


GJxR-^-**) 


I  q.  (71  defines  the  velocity  of  a  particle  at  any  point 
in  Ihe  precipitator  tuhe  in  the  /.-direction  One  more- 
equation  (assuming  no  particle  dynamics  in  the  Y- 
direelion)  is  needed  in  the  X-direclion  lo  define  the 
partiele  motion,  From  Iq.  (41  and  (51  hy  Newton's 
Law. 


^  K  M  ^  -  3  ir^DV,  -  C,  (•) 


where:  pp  *  the  density  of  the  particle,  and  dVx  =  dt  = 
acceleration  of  the  particle  in  Ihe  X-dircetion. 


According  to  Hq.  (H),  the  particle  accelerates  toward 
Ihe  hoftom  of  (he  tuhe:  however,  the  resulting  increase 
in  velocity.  V,,  increases  the  drag  monotonically.  After 
a  lapse  of  lime,  the  drag  force  becomes  equal  to  the  mag¬ 
netic  force,  and  the  particle  can  no  longer  accelerate. 
From  there  on.  the  particle  travels  in  the  X-direction 
with  a  uniform  velocity,  VT  (known  as  the  settling 
velocity).  It  can  he  shown  that  the  time  required  to 
achieve  Ihis  settling  velocity  is  a  minute  fraction  of  a 
second  1 121  and.  hence,  the  motion  of  'ne  particle  in 
Ihe  X-direclion  can  he  completely  defined  hy  the 
scllling  velocity. 

<»> 

The  negative  sign  for  VT  is  due  lo  Ihe  downward 
motion  of  Ihe  particle.  Tile  magnitude  of  VT  in  l-q.  PM 
is  obtained  hy  forcing  Ihe  acceleration.  ilV.fill  *  0.  in 
I  q.  (X)  and  replacing  V,  by  VT.  Subsequently,  from 
I  q.  (XI. 


Subsii luting  I  q.  ( 10)  into  I  q.  (lU  yields: 

Now  I  q.  (71  and  (II)  define  Ihe  complete  motion  of 
Ihe  particle  in  Ihe  fluid.  The  parameter  time.  I.  can  he 
eliminated  from  I  q.  (7)  and  (III.  Dividing  I  q.  (7)  hy 
I  q.  1 1 1 1  and  rearranging. 

d 2 


ll  may  appear  from  I  q.  112)  lhal  y  is  also  a  variable 
in  Ihe  particle  palh  in  Ihe  fluid  before  il  gels  deposited. 
However,  it  can  he  observed  that  the  position  of  the 
particle  should  not  change  laterally  tin  an  ideal  situation 
without  considering  Ihe  effect  of  lift  or  tube  wall),  since 
there  are  no  lateral  forces  acting  on  the  particle  in  the 
Y -direction,  lienee,  in  l-q.  (12).  the  lateral  position  of 
Ihe  particle,  y.  can  he  considered  as  a  constant  depend¬ 
ing  on  Hie  initial  position  of  Ihe  particle  as  il  enters  the 
"magnetic  region."  Thus,  hy  inlegrating  I  q  (12)  with 
appropriate  limits  of  inlcgralion.lhc  final  posilion  of  the 
particle  inside  ihe  lube  wall  can  he  obtained.  To  find  the 
limits  of  integration.  Ihe  starling  point  is  ul  the  edge  of 
Ihe  magnetic  assembly  where  /  ~  0.  The  particle  enters 
Ihis  region  al  some  point  (x„.  y„>  at  /.  *  0.  Alter  travel¬ 
ling  through  Ihe  Huid  as  per  Fq.  (12).  the  particle  gets 
deposited  al  some  distance.  t.p.  from  Ihe  entry  region. 
Bu!.  now.  the  magnitude  of  /p  cannot  he  selected  as  a 
fixed  value  for  any  initial  position  (x„.  yc)  due  lo  the 
curvature  of  the  wall.  Thai  is.  particles  near  the  wall 
(laterally!  would  touch  the  wall  earlier  than  (he  particle 
which  happened  to  he  in  Ihe  central  region.  Thus,  it  is 
necessary  to  inlegrate  the  equation  with  the  variable 
limits. 

tig,  (i  shows  a  schematic  of  the  effect  of  the  tuhe 
curvature  on  particle  deposition.  Panicles  which  hit  the 
bollom  side  curvature  of  the  wall,  as  shown  in  fig.  6. 
would  he  expected  to  roll  down  to  the  bottom  of  the 
tuhe.  Such  particles  will  obviously  occupy  an  earlier 
posilion  in  the  bottom  of  Ihe  tube  compared  to  a 
position.  z  ,  if  its  initial  posilion  were  in  the  central 
region.  The  result  could  he  a  wide  range  of  scatter  in 
the  output  density  reading  of  the  equipment.  However, 
the  situation  is  not  all  that  bad,  since  most  of  the  wear 
particles,  if  not  all,  will  enter  the  “magnetic  region"  al 
the  central  region  of  the  tuhe.  To  substantiate  Ihis.  il 
is  necessary  lo  look  more  closely  at  the  role  of  lift  on 
particles  and  Ihe  geometry  of  the  capillary  lube  in  con- 
I rolling  Ihe  loealion  of  Ihe  wear  particle  in  Ihe  fluid. 

RADIAL  MIGRATION  OF  PARTICLES 

In  ihe  previous  section;  Ihe  motion  of  the  magnetic 
panicles,  once  they  entered  Ihe  region  of  magnetic 
influence  was  presented.  The  initial  posilion  of  Ihe 
panicle  in  Ihis  region  was  assumed  lo  he  an  arbitrary 
value  ix„  ycl.  In  Ihis  section,  a  look  into  Ihe  previous 
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F4t.  6.  Trajectory  of  a  Particle  of  Given  Diameter  for  different 
Initial  Position  (Xft,  Yn). 


history  of  the  particle  before  ii  reaches  ihe  “magnetic 
region'’  will  Ik  given. 

Ihe  motion  of  a  mixture  of  solid  particles  and  fluid 
in  a  pipe  is  found  in  many  engineering  and  natural 
situations.  Transportation  of  solids  through  pipes  or  Ihe 
travel  of  blood  corpuscles  in  blood  are  typical  examples. 
It  has  been  found  by  many  observers  (hat  fluid  particles 
migrate  to  a  certain  region  in  the  pipe  ||J.  14.  151 . 
I  he  reason  for  this  lateral  migration  is  said  to  be  the  lift 
forces  acting  on  Ihe  particle.  (Jravjiy  has  a  strong  eilect 
over  the  direction  ol  migration  of  the  particle.  Ihcie 
exists  considerable  differences  jif  opinion  among  various 
authors  on  the  magnitude  of  the  migrative  forces  and 
velocities.  Thus,  it  is  necessary  to  restrict  this  discussion 
to  the  qualitative  results  of  the  above  observation  in 
controlling  the  l  errographie  process. 

The  radial  migration  of  particles  can  he  summarized 
as  follows:  if  the  particle  is  denser  than  the  fluid  me¬ 
dium  and  if  the  Mow  is  upward  (not  necessarily  vertical!, 
the  particles  try  to  concentrate  in  the  form  of  a  ring 
between  the  center  and  wall  of  the  pipe.  If  the  particles 
are  lighter  Ilian  Ihe  tluid.  they  move  toward  the  wall. 
If  the  flow  direction  is  reversed,  this  tendency  is  reversed 
with  buoyant  particles  occupying  the  same  position. 
This  situation  is  shown  in  Fig.  7.  In  the  fluid  sample 
being  analyzed,  it  can  he  assumed  that  (he  particles  of 
wear  origin  or  non-wear  origin  arc  denser  than  the  fluid. 
<  onsequenlly.  during  the  initial  travel  of  the  particle  in 
the  capillary  tube,  the  flow  is  downward  (See  Fig.  I.) 
and.  hence,  wear  particles  which  are  denser  than  the 
fluid  fry  to  move  to  the  wall  of  the  tube.  In  a  later  stage. 
Ihe  How  is  upward  and  particles  tend  to  try  and  move  to 
the  center  of  the  pipe.  It  is  difficult  to  predict  the  net 
effect  of  this  phenomenon  ,  however,  it  can  be  presumed 
that,  when  the  particles  reach  the  exit  of  the  capillary 
tube,  there  will  be  a  denser  region  of  wear  particles  in 
Ihe  central  area  of  the  capillary. 

Fig.  2  shows  Ihe  entrance  of  (he  capillary  to  the 
precipitator  tube  which  accommodates  it  (capillary 
tube)  approximately  at  Ihe  center.  Considering  the  fact 
that  the  velocity  of  fluid  entering  the  precipitator  is 


higher  and  Ihe  initial  disturbances  die  out  last,  wc  can 
assume  that  the  denser  particles  are  around  Ihe  central 
region  ol  the  tube  when  Ihey  enter  Ihe  magnetic  region. 
In  other  words,  the  initial  position  <x0.  yn)  of  the 
particle  can  lx-  approximated  as  x„  »  R.  the  radios  of  the 
tube. 


Based  on  the  above  assumption  that  particles  enter 
the  precipitator  tube  at  the  center.  Ihe  location  of 
deposition  ot  Ihe  particle  can  he  established. 


TUBE 


FLOW 
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Fig.  7.  Migration  of  Particles  in  i  Flowing  Fluid. 
DEPOSITION  OP  WEAR  PARTICLES 


Pq  II 1)  gives  Ihe  dynamics  of  the  particles  as  shown 
earlier.  Integrating  Ibis  equation  between  limits  0  lo  xp 
and  x0  lo  0  for  x  (y  is  taken  to  be  yn|  yields  Ihe  loca¬ 
tion.  irp.  of  the  magnetic  particle  on  the  bottom  of  the 
precipitator  tube,  that  is. 


-36^U(ov) 


<») 
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,  36MUCov),R  *  is.  *, 

R*D*  KH^J 

ft  yn  is  small  compared  with  xn.  llul  is.  I  he  particles 
are  initially  at  the  central  region  of  the  tube.  then. 


*  ..2..*...,  dH  3 


R'D'KH 


(M) 


Substituting  for  l)(av)  from  I  q.  <31  into  I  q.  (14). 


36^0 


rR402KH|J 


(R  x, 


*  *£i 


(15) 


Subsliti  ting  for  Q  from  I  q.  1 1 )  into  I  q.  <  1 5 1  yields: 


,  ,  36C/R,»2  .±\ 
’  tR4  \DZKH^/ 


(«) 


I  t)  (1.1)  through  (16)  arc  llic  various  forms  for 
expressing  the  location  of  (he  particle  on  the  hultom  of 
the  precipitator  lube. 


In  the  l)R  I'errograph.  the  magnetic  parameter. 
11  ( ill l/il x ).  varies  along  the  /-direction.  In  the  absence 
of  any  other  data  (Kef.  1 16)  shows  a  schematic  of  the 
variation  of  dll/dx  along  the  /.-direction  as  a  polynomial 
function  of  /).  it  is  assumed  that  the  variation  of  the 
magnetic'  parameters  is: 


n  dH  .mi 
M  dx  e 


where.  II  Idll/dx)  =  Ihe  magnetic  parameter  at  the 
entrance  region  of  the  particles,  and  m  =  a  constant. 

Accordingly.  K|.  (II)  can  he  modified  as: 


and.  subsequently.  Kq.  ( 12)  will  he  modified  as: 

»V^-S  (2xR-x*-y*)dx 


RZ0 


kh-^- 
dx. 


<«> 


Kq.  (18)  can  he  integrated  for  /..  varying  from  0  to  zp 
and  x  varying  from  x„  to  0  as  in  Ihe  derivation  ot 
Kq.  (13).  Integrating  Kq.  (18)  with  the  limits  above  and 
solving  for  ».p  yields: 


V  m  *" 


m36/iU(oy) 

rVkH*J- 


(  omparing  \  q.  <  )3)  and  I  q.  <  I'M.  n  can  Iv  seen  llul 
if  a  panicle  is  i  ravelling  lari  her  from  ihe  entry  point, 
then  ihe  effeet  of  increased  magnetic  force  is  10  in¬ 
fluence  ihe  particle  to  gel  deposited  a l  a  faster  rate. 
In  other  words,  according  lit  I  q.  I  I1)).  larger  si/c  parti¬ 
cles  will  not  he  deposited  very  faraway  from  tile  entry 
region.  In  ihe  DR  l  errograpli.  Ihe  optical  density 
readings  for  large  particles.  L.  and  smaller  particles.  S. 
are  taken  near  the  entry  and  a  few  millimetres 
Isay.  5  mm)  from  the  entry  point.  In  this  region,  the 
variation  of  II  (dll/dx)  is  not  appreciable;  and.  hence. 
I  q.  1 13)  through  t  lb)  will  be  used  for  further  discussion. 

OPTICAL  DENSITY  READINGS 

As  mentioned  at  the  beginning  of  the  paper,  the 
density  readings  near  Ihe  entry,  where  large  particles.  L. 
are  deposited  and  at  another  location  near  the  entry 
where  smaller  particles.  S.  are  deposited,  give  the  raw 
data  for  analyzing  the  wear  situation.  Ihe  electro- 
optical  system  measures  the  amount  of  light  blocked  by 
wear  particles  and  expresses  this  as  I  direct)  DR  readings 
on  a  digital  meter.  The  maximum  reading  that  can  he 
obtained  without  losing  linearity  according  to  the 
manufacturer  is  UK)  DR  units  on  large  or  small  particles. 
In  the  absence  of  data  on  electro-optical  systems,  it  will 
be  necessary  to  present  general  comments  on  the  density 
readings  based  on  the  model  developed. 

Iq.  t  lb)  shows  Hut  the  location  of  a  parlicle.  zp. 
is  inversely  proportional  to  the  square  of  the  diameter  of 
the  particle.  I)2,  if  xc  remains  constant.  If  x0  =  R.  that 
is.  the  particle  enters  the  magnetic  region  at  the  center 
of  the  lube,  then  liq.  f  )(>>  is: 


p  wRKH&W 


(20) 


If  wo  assume  that  at  the  central  region  of  the  tube, 
the  fluid  velocity  remains  constant  (See  Kig.  4  ).  then 
Kq.  (20)  approximately  represents  the  deposition  of  all 
the  particles  entering  this  area.  Subsequently,  particles 
of  a  given  diameter.  D.  entering  in  a  small  area  around 
Ihe  axis  of  the  lube  will  get  deposited  in  a  specific  loca¬ 
tion.  (The  particles  will  he  deposited  in  a  specific  el¬ 
lipse).  Kig.  8  shows  this  situation.  The  smaller  the 
diameter  of  the  particle,  the  larger  the  area  of  deposi¬ 
tion.  Alternately,  if  it  is  assumed  that  equal  numbers  of 
particles  of  any  diameter  exist  in  the  sample  then  the 
number  of  particles  in  a  given  field  of  the  optical  system, 
say.  L  or  S.  will  he  nearer  the  entry  region.  Accordingly, 
the  density  readings  increase  sharply  toward  the  entry 
region.  Note  that  this  increased  density  reading  near  the 
entry  region  is  due  to  the  larger  diameter  of  the  particle 
(area  =  nD*/4)  as  well  as  the  increased  concentration  of 
the  particles.  However,  a  difficult  situation  arises  if  the 
machine  wear  produces  more  smaller  particles.  Since 
smaller  particles  cannot  get  deposited  (as  per  Kq.  (16)) 
near  the  entry,  a  condition  may  exist  when  reading  S 
will  be  greater  than  L.  In  other  words,  Ihe  DR  Ferro- 
graph  is  more  efficient  in  detecting  a  severe  wear  situa¬ 
tion  when  larger  particles  are  being  generated  by  the 
machinery. 
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Rtl.  lb.  Rigur*  showing  the  Deposition  of  Partietei  Entering 
Am  “l." 

Rig.  g.  Deposition  of  Particles. 

So  far  the  discussion  has  heen  based  on  the  assump¬ 
tion  that  the  particles  enter  the  "magnetic  region”  in  the 
central  regiun  of  the  luhc.  If  some  of  the  particles  enter 
farther  from  the  center,  but  are  not  laterally  shifted 
I  that  is.  x„  any  position  hut  y„  a  0).  then  those  parti¬ 
cles  with  x0  >  R  will  gel  deposited  farther  from  its 
ideal  position,  as  discussed  earlier,  while  Ihosc  particles 
with  x0  <  R  will  gel  deposited  before  the  ideal  position. 
If  an  equal  probability  for  x„  to  he  less  than  or  more 
than  R  is  assumed,  then  the  contribution  for  density 
readings  from  these  particles  at  any  location  can  be 
assumed  to  be  approximately  the  same.  In  another  case, 
the  lateral  initial  position.  y0,  will  he  comparable  to  x0. 
In  such  situations,  the  particles  would  travel  toward  the 
magnetic  field,  hut  keeping  the  same  lateral  position 
until  they  touch  the  tube  wall  from  where  they  will 
roll  down  to  the  side  of  the  deposition.  The  contribu-. 
tion  to  density  readings  from  such  particles  are  similar 
for  large  and  smaller  particles  on  an  equal  probability 
basis.  This  argument  is  valid,  even  if  the  trajectory  of 
these  particles  hends  toward  the  axis  due  to  the  in¬ 
fluence  of  hydrodynamic  lift.  (See  Fig.  6.)  In  conclu¬ 
sion.  the  model  developed,  as  given  by  Eq.  ( 16),  can  be 
used  for  qualitatively  assessing  the  Ferrographic  process. 

VARIATION  FROM  IDEAL 
FERROGRAPHIC  PROCESS 

When  various  samples  from  different  machinery  are 
analyzed,  many  of  the  parameters  like  fluid  viscosity, 
flow,  particle  size  and  shape,  etc.,  are  uncontrollable. 
The  following  pages  describe  how  these  parameters 
could  affect  the  DR  readings. 

Eq.  (16)  indicates  that  the  Ferrographic  process 
will  be  unaffected  by  the  viscosity  of  the  fluid  and 


magnitude  of  the  fluid  flow.  This  result  is  not  surprising 
since,  it  flow  increases  due  to  viscosity,  the  settling 
velocity  should  he  higher  due  to  reduced  drag  and  the 
particle  gets  deposited  at  the  same  location.  However, 
if  the  Reynolds  number  becomes  less  Ilian  0.5.  the 
flow  may  be  a  function  of  higher  powers  of  viscosity 
and  then  density  readings  will  lie  affected  by  both  p 
and  Q.  In  actual  practice.  Ibis  situation  may  not  occur 
at  all.  Other  factors  which  affect  the  flow  arc  the  height 
of  the  sample  vial  (This  should  he  kept  constant  when 
comparing  different  readings. I  above  the  delivery  point. 
Variation  in  the  cross-section  of  Ilk-  capillary  can  cause  a 
change  in  How  properties. 

Optical  density  is  read  when  Ihe  last  portion  of  the 
sample  fluid  Hows  through  Ihe  precipitator  tube  |5|. 
As  per  the  operating  instructions  by  the  manufacturer, 
the  reading.  1  and  S.  should  he  set  equal  lo  zero  (by 
operating  adjustable  potentiometers)  when  Ihe  fluid 
sample  initially  passes  through  the  lube.  Thus,  it  is 
assumed  that  the  cleanliness  of  Ihe  fluid  is  uniform  so 
that  the  light  attenuation  by  the  fluid  will  remain  the 
lame.  In  the  ease  of  ”dirly  fluid,”  a  different  method 
must  he  used  lor  density  readings.  This  method  employs 
clean  fluid  as  reference  before  and  alter  Ihe  "dirty 
simple"  is  run.  This,  being  a  suhjeelive  rather  than  an 
objcvli.e  decision,  could  cause  considerable  error  in 
density  readings.  For  example,  water  present  in  oil 
may  make  il  hazy  or  cloudy  if  Ihe  water  content  is 
above  the  saturation  level  |IK|.  Further,  growth  of 
micro-organisms  1 11)  I  could  he  accelerated  by  the 
presence  of  water  which  could  again  contaminate  the 
fluid  and  make  il  turhid.  These  reasons,  together  with 
the  effect  of  other  non-wear  origin  contaminants, 
could  influence  Ihe  oil  quality  in  terms  of  light  attenua¬ 
tion.  Hence,  it  is  advisable  lo  assess  Ihe  sample  before 
il  is  run  whether  it  appears  to  he  a  "dirty  fluid"  or  not. 

Magnetic  Properties 

The  location  of  a  particle,  z..  as  given  by  Fq.  ( 16)  is 
inversely  proportional  lo  the  volume  susceptibility,  K,  of 
the  particle.  This  is  a  property  of  the  material  and  the 
magnitude  depends  on  many  factors,  such  as  the  mate¬ 
rial,  field  intensity  (II),  mechanical  and  chemical  pro¬ 
cesses  due  to  wear,  residual  stress  in  the  particle,  and 
aging  1 17).  These  variations  are  difficult  to  generalize 
and  may  depend  on  the  machine  under  investigation  and 
its  current  wear  stage. 

Spherical  particles  as  in  "fatigue  wear”  and  plate-like 
particles  as  in  “normal  wear"  form  strings  in  the  mag¬ 
netic  field  (as  seen  on  an  Analytical  Ferrogram).  This 
causes  agglomeration  of  the  particles  and  forces  them  to 
be  deposited  earlier  on  the  tube,  as  if  they  were  larger 
particles. 

Effect  of  Shape  of  the  Particles 

Most  of  the  wear  particles  have  non-spherical  shapes 
(except  "fatigue  wear”  particles)  which  can  be  described 
as  fibrous,  flaky,  irregular  and  angular.  Their  behavior  in 
Ihe  fluid  flow  can  be  different  from  that  of  spherical 
particles.  In  general,  they  have  higher  drag  and  lift 
forces  acting  on  them  with  the  result  that  they  could 
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travel  farther  in  the  fluid  than  if  they  were  spherical. 
Hence,  it  should  lie  accepted  that  scatter  in  density 
readings  can  he  critical  in  wear  situations  where  both 
spherical  and  non-sphcrical  particles  are  hemp  generated. 

I.  fleet  oj  Nun-Magnetic  I’articlex 

It  was  shown  earlier  that  particles  having  the  same 
density  as  the  llu id  would  migrate  to  form  an  annular 
ring  in  the  capillary  tube.  Insoluahlc  contaminants  may 
have  more  or  less  the  same  density  as  the  fluid  Subse¬ 
quently.  they  would  he  washed  away  with  the  fluid 
without  being  deposited  in  the  precipitator  tube.  Other 
non-magnetic  particles,  like  hrass  or  aluminum  which 
have  not  been  stressed  by  the  wear  process,  might  mi¬ 
grate  to  the  center  of  the  tube  and  gel  washed  away. 
Thus,  in  the  l)K  Ferrograph,  a  deposit  of  primarily 
magnetic  particles  can  be  expected. 

Effect  nf  Sample  Volume  and  Concentration 

In  an  ideal  situation,  the  sample  volume  or  concen¬ 
tration  of  particles  in  the  fluid  should  not  affect  the 
model  developed.  ( I'xtreme  concentrations  cannot  he 
achieved  in  any  wear  situation:  hence,  fluid  properties 
can  he  assumed  to  remain  unehangcd.l  However,  at 
higher  concentrations  or  sample  volumes,  an  exorbitant 
number  of  particles  may  he  deposited  in  the  tube  and 
the  density  readings  will  show  nonlinear  and  saturated 
characteristics  |K|.  At  lower  values  of  concentrations 
and  sample  volumes,  the  density  readings  may  not  In- 
large  enough  to  he  statistically  accurate.  In  such  cases, 
the  sample  volume  has  to  he  adjusted  to  gel  the  density 
readings  in  the  operating  range  of  the  equipment. 
However,  another  factor  with  a  high  concentration  of 
particles  could  he  an  inordinate  scatter  of  density 
readings.  This  is  due  to  the  crowding  of  particles  near 
the  center  of  the  tube  as  a  result  of  the  lift  forces  and 
their  possible  agglomeration  in  the  magnetic  region. 


DISCUSSION 

From  the  model  developed  and  from  its  interpreta¬ 
tion  presented  in  the  previous  chapters,  it  is  apparent 
that  the  DR  Ferrograph  should  effectively  predict  the 
wear  situation  in  a  machine  based  on  the  density  read¬ 
ings  of  large.  L,  and  small,  S.  particles.  The  results  of 
the  paper  so  far  can  he  summarized  as  follows: 

1 .  Density  readings  near  the  entry  region  ( say .  L)  will 
he  greater  than  the  readings  downstream  of  the 
region  (say.  S)  by  virtue  of  larger  particle  sizes 
and  higher  concentration  of  particles  in  that  area. 

2.  A  particle  of  a  given  diameter  is  deposited  in  a 
specific  location  of  the  tube.  A  change  in  viscosity 
(by  using  a  more  viscous  fluid  or  by  adding  more 
solvent)  and  a  corresponding  change  in  flow  does 
not  affect  this  deposit  location. 

3.  Non-magnetic  particles  are  not  deposited  in  the 
tube  due  to  the  lift  forces. 

Scatter  in  density  readings  would  be  noticeable  when: 


1.  There  arc  considerable  variations  m  the  shape  and 
si/e  of  the  capillary  lube  which  would  crcalc 
dillerent  Itow  effects. 

2.  The  liquid  Reynolds  number  is  very  low  (highly 
viscous,  thick  fluid  I. 

3.  A  wear  situation  in  the  machine  produces  very 
few  large  particles. 

4.  Wear  particles  in  the  sample  contain  a  consider¬ 
able  amount  of  magnetically  weak  How  volume 
susceptibility.  Rl  particles  like  oxides. 

5.  The  sample  fluid  is  "dirty"  with  carbon  particles, 
water,  micro-organisms  or  other  metallic  particles. 
(Assuming  a  clean  fluid  was  not  used  as  a  refer¬ 
ence.) 

It  may  be  noted  that  some  of  these  factors  can  be¬ 
taken  into  consideration  by  the  operator,  while  others 
are  dependent  on  the  nature  of  the  wear  process. 

It  has  been  shown  that  the  lilt  forces  and  the  loca¬ 
tion  of  the  capillary  lube  in  the  precipitator  tube  force 
the  wear  particles  to  enter  the  "magnetic  region"  at  the 
center  of  the  precipitator  tube.  Any  deviation  from  this 
initial  location  to  a  non-axial  position  would  cause  the 
particles  to  he  deposited  at  a  different  location.  The 
contribution  to  density  readings  from  such  particles 
may  not  affect  the  density  readings,  if  the  relative 
number  of  such  particles  is  small.  Also,  the  intluence  of 
such  particles  could  he  eliminated  all  together  if  all  the 
particles  were  axially  located  at  the  entry  point.  It  has 
been  further  shown  that  wear  particles  are  forced  to  the 
center  of  the  tube  (by  the  lift  forces),  if  the  flow  is  in 
an  upward  direction.  Thus,  if  the  capillary  flow  is 
always  in  an  upward  direction  and  the  length  of  the 
capillary  were  increased,  then  the  wear  particles  would 
indeed  be  expected  to  be  axially  located  when  they 
enter  the  precipitator  lube.  This  could  be  achieved  by 
using  a  siphoning  action  with  the  delivery  tube  kept 
lower  than  the  sample  vial  for  a  gravity  head  or  by 
mechanical  action. 

In  Ref.  |6|.  the  degree  of  wear  in  a  machine  was 
expressed  by  a  Severity  Index  (I,)  factor.  This  Severity 
Index  is  given  by: 


where:  AL  =  the  density  reading  at  location  L,  and 
As  =  the  density  reading  at  location  S. 

This  index  is  affected  by  the  location  of  the  particles 
being  shifted  due  to  the  difference  in  shape  of  the 
particles,  as  mentioned  earlier.  Also,  in  a  normal  wear 
mode,  density  readings  at  location  L  could  be  con¬ 
siderably  reduced.  However,  if  readings  are  taken  at 
three  or  four  locations,  along  the  flow  path  instead  of 
two  locations,  the  magnitude  of  the  readings  at  these 
locations  may  produce  a  better  prediction  reference. 
If  R,,  Rj,  R,,  and  R4  are  the  density  readings  at  four 
locations  from  the  entry  in  that  order,  an  expression 
for  the  Severity  Index  could  be  given  as: 


v 

where:  l(  ■  t  weighting  factor  for  the  density  reidings 
near  the  entry  region  so  that  the  value  of  I,  decreases 
along  the  length  of  the  tube  at  the  four  locations. 

Such  an  index  may  more  accurately  identify  a  serious 
wear  situation  by  de-emphasizing  the  influence  of 
smaller  particles.  By  controlled  experiments  with  known 
particle  distributions,  the  weighting  parameter,  I,, 
could  be  evaluated. 

CONCLUSION 

A  detailed  analysis  of  the  OR  Ferrograph  was  pre¬ 
sented  in  this  paper.  The  various  parameters  influencing 
particle  deposition  and  optical  density  readings  were 
identified. 

It  was  shown  that  the  DR  Ferrograph  actually  grades 
the  wear  particles  according  to  size  by  depositing  loca¬ 
tion  in  the  tube  and  the  instrument  exhibits  consider¬ 
able  promise  in  predicting  severe  wear  conditions. 
Methods  have  been  suggested  to  reduce  the  possible 
scatter  in  the  density  readings. 
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ABSTRACT:  Non-magnetic  and  weakly  magnetic  particles  occasionally 
get  collected  in  a  scattered  fashion  on  the  Ferrograph  and  affect 
the  density  readings.  When  it  is  known  that  the  particles  are  of 
non-wear  origin,  the  efficiency  of  the  equipment  can  be  increased 
if  the  particles  are  separated  before  the  Ferrographic  analysis. 
Various  methods  to  separate  the  non-magnetic  particles  from  the 
fluid  samples  are  presented  in  the  paper. 

KEY  WORDS:  Ferrography,  non-magnetic  particles,  weakly  magnetic 
particles,  magnetic  separator,  fluid  sample  storage. 


INTRODUCTION 

Ferrography  [1,  2]  is  a  newly  developed  technique  to  evaluate 
wear  phenomena  in  machines  utilizing  the  analysis  of  wear  debris. 

The  method  is  nondestructive  and  involves  the  analysis  of  lubricating 
or  hydraulic  oil  samples  from  the  machines.  The  operating  principle 
of  the  equipment  utilizes  the  magnetic  properties  of  the  wear  particles 
in  the  oil  sample.  Commercial ly ,  two  types  of  Ferrographs  are  avail¬ 
able:  the  Analytical  Ferrograph  and  the  Direct  Reading  (DR)  Ferrograph. 
A  variation  of  the  DR  Ferrograph  is  used  for  'on-line'  wear  monitor¬ 
ing,  the  equipment  being  designated  as  the  Real  Time  (RT)  Ferrograph. 

In  all  the  equipment,  a  high  gradient  magnetic  field  is  used  to  trap 
the  magnetic  particles  in  the  fluid  sample.  In  the  case  of  Analytical 
Ferrograph,  the  fluid  passes  over  a  glass  slide  below  which  the 
magnet  is  located  while  in  the  DR  Ferrograph  the  fluid  passes  through 
a  tube  located  above  the  magnetic  field.  Fig.  1  and  2  show  a  schematic 
of  the  two  Ferrographs.  It  is  assumed  that  the  reader  is  conversant 
with  the  operation  and  applications  of  the  equipment  and,  hence, 
further  details  of  the  instrument  are  avoided.  More  details  on  the 
equipment  can  be  found  in  Ref.  [3,  4,  5,  6,  7,  8,  9,  10,  11]. 

It  is  evident  from  the  principle  of  operation  of  Ferrography 
that  the  essential  criterion  for  proper  functioning  of  the  equip¬ 
ment  is  that  the  material  should  be  magnetic.  In  such  a  case,  the 
machine  can  function  at  its  best  if  all  the  wear  particles  have 
the  same  magnetic  properties.  However,  there  are  many  situations 
where  the  particles  in  the  fluid  are  either  weakly  magnetic  or  non¬ 
magnetic.  In  some  instances,  wear  particles  from  the  same  machine 
can  have  different  magnetic  properties  due  to  mechanical  working 
other  environmental  effects.  Presented  in  this  paper  is  a  consider- 
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Fig.  1  Schematic  of  Slide  Ferrograph 


Fig.  2  Schematic  Diagram  of  D.R.  Ferrograph 


ation  of  the  effect  of  the  weakly  magnetic  or  non-magnetic  particles 
on  the  Ferrographic  process.  Also,  a  detailed  test  program  is  ad¬ 
vanced  for  the  evaluation  of  the  effect  of  non-magnetic  particles 
on  the  efficiency  of  the  Ferrographic  equipment.  As  mentioned 
earlier,  there  are  situations  when  non-magnetic  particles  in  the 
sample  may  not  be  of  wear  origin.  (Typical  examples  are  particulate 
contaminants  or  other  non-magnetic  metals  when  it  is  known  that 
the  mating  parts  in  the  machine  are  made  of  only  steel  or  other 
magnetic  materials).  In  such  cases,  it  is  proposed  that  suitable 
means  be  provided  to  divert  non-magnetic  particles  from  the  fluid 
sample  before  it  is  passed  through  the  Ferrograph. 

BACKGROUND 

The  Fluid  Power  Research  Center  at  Oklahoma  State  University, 
seeing  the  potential  of  the  Ferrography,  has  acquired  the  equipment 
for  diagnostic  and  prognostic  studies  of  hydraulic  equipment. 

Tessmann  [12]  has  shown  how  Ferrography  can  be  effectively  used 
to  evaluate  the  contaminant  wear  in  hydraulic  pumps.  Smith  and 
Tessmann  [13]  have  shown  that  Ferrography  can  accurately  diagnose 
impending  failures  in  hydraulic  systems  of  mobile  equipment.  It 
was  observed  that,  occasionally,  there  was  some  amount  of  scatter 
in  the  density  readings  on  the  Ferrograph.  from  similar  fluid  samples. 
Subsequently,  Kitzmiller  [14]  conducted  a  series  of  experiments  and 
proposed  a  standardized  test  procedure.  Nair  [15,  16]  further  de¬ 
veloped  analytical  methods  for  predicting  the  deposition  of  wear 
particles  on  the  Ferrogram  slide  as  well  as  that  in  the  precipitator 
tube  of  the  DR  Ferrograph. 

Limited  experiments  were  conducted  at  the  Fluid  Power  Research 
Center  for  evaluating  the  performance  of  the  Analytical  Ferrograph 
when  non-magnetic  particles  were  present  in  the  sample  fluid.  Fluid 
samples  containing  0-10  urn  AC  Fine  Test  Dust  and  50-400  pm  aluminum 
particles  were  separately  prepared  and  Ferrogram  slides  were  made 
using  these  samples.  It  was  found  that  some  of  these  particles 
got  deposited  on  the  slide  and  gave  unacceptable  density  readings. 
However,  when  fluid  samples  from  wear  tests  on  hydraulic  components 
were  used  for  making  the  slide,  the  number  of  AC  Fine  Test  Particles 
were  none  or  few.  It  is  hypothesized  that  the  magnetic  particles 
get  deposited  faster  on  the  bottom  of  the  slide  and  non-metal  lie 
particles  (AC  Fine  Test  Dust,  for  example),  if  they  happen  to  get 
deposited  on  the  slide,  roll  down  the  slide  since  they  will  be 
away  from  the  boundary  layer  (where  velocity  of  the  fluid  is  non¬ 
zero).  Analysis  presented  in  Ref.  [15]  reveals  that  the  probability 
of  non-magnetic  particles  getting  deposited  on  the  slide  is  fairly 
low.  This  aspect  will  be  discussed  later  in  the  paper. 

It  is  interesting  to  note  the  experience  of  others  who  have 
successfully  used  Ferrography  for  wear  monitoring.  Ruff  [5]  states 
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that  "a  large  non-metallic  particle"  was  seen  at  the  entry  in  one 
of  the  Ferrographic  readings.  Also,  among  the  deposits,  organic 
coatings  around  metallic  particles  were  observed  in  the  same  ex¬ 
periment.  This  was  thought  to  be  due  to  chemical  reactions  in  the 
fluid  when  it  was  stored  for  long  periods.  In  the  same  reference, 
it  is  mentioned  that  sodium,  potassium,  calcium,  etc.,  were  found 
on  the  slide  and  presumably  originated  from  the  oil.  Ref.  [6]  re¬ 
ports  similar  organic  compounds  on  the  slide.  Ref.  [7]  suggests 
that  waxes  and  gels  are  formed  on  the  bottle-surfaces  (when  in 
storage)  and  particles  get  trapped  onto  them.  Jones  [8]  reports 
the  deposition  of  carbanaceous  particles  (due  to  the  decomposition 
of  lubricating  oil)  on  the  slide  in  his  experiments.  Most  interest¬ 
ing  experiments  were  due  to  Ruff  [9]  who  conducted  a  number  of  tests 
for  evaluating  the  ability  of  the  Ferrograph  for  recovering  non¬ 
magnetic  materials.  He  reports:  "An  equal  volume  mixture  of  S-,-02 
and  Ni /S-j O2  (nickel  impregnated  Si 02  used  for  the  manufacture  of 
silica  magnets)  microspheres  were  prepared.  Very  few  Si O2  spheres 
were  deposited.  The  Si 02  spheres  were  usually  found  at  random  lo¬ 
cations  on  the  substrate." 

It  was  mentioned  that  organic  materials  might  be  formed  in  the 
sample  fluid  if  it  was  kept  for  a  longer  period  at  room  temperature. 
Also  it  is  possible  that,  in  such  conditions,  chemical  reactions 
and  corrosion  of  wear  particles  might  occur  during  storage.  Ref.  [10] 
suggests  keeping  the  sample  at  -20°F  while  Ref.  [11]  suggests  a 
temperature  is  expected  to  retard  the  possible  chemical  reactions. 

The  foregoing  discussion  was  presented  to  bring  forth  the  follow¬ 
ing  aspects  of  Ferrography: 

1.  Whether  Ferrography  is  accepted  by  industry  as  the  best 
method  presently  available  to  the  tribologist. 

2.  The  magnetic  (or  non-magnetic)  properties  of  the  particles 
in  the  sample  have  a  strong  influence  on  the  Ferrographic 
process  when  optical  density  is  the  primary  measured  output 
from  the  machine. 

3.  Is  it  worthwhile  to  investigate  the  possibility  of  using 
some  techniques  to  reduce  or  nullify  the  difficulties  arising 
from  the  non-magnetic  particles,  especially  when  it  is  cer¬ 
tain  that  they  are  of  non-wear  origin. 

4.  Keeping  a  fluid  sample  over  long  periods  needs  special  atten¬ 
tion  since  the  magnetic  property  of  the  wear  particles  is 
likely  to  change. 

Based  on  these  observations,  it  is  thought  that  a  detailed  experi¬ 
mental  investigation  is  necessary  for  further  improvement  of  the 
Ferrographic  process.  The  details  of  the  proposed  experiments  are 
worked  out  and  possible  schemes  for  alleviating  the  effects  of  non¬ 
magnetic  particles  are  presented  in  the  paper.  Before  proceeding 
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into  specific  details,  a  brief  theoretical  appreciation  of  the  effect 
of  magnetic  properties  of  wear  particles  on  the  Ferrographic  process 
is  presented.  It  is  shown  that  the  theory  accurately  supports  the 
observations  made  by  the  FPRC  and  many  other  authors,  as  detailed 
above. 

EFFECT  OF  MAGNETIC  PROPERTIES 

The  Ferrograph  uses  a  high  gradient  magnetic  field  to  trap  the 
magnetic  wear  particles.  The  force  on  a  magnetic  particle  in  a 
magnetic  field  is  given  by  [1,  17]. 

f„  =  vkh4H-  (i) 

where:  Fm  =  the  magnetic  force  on  the  particle 
V  =  the  volume  of  the  particle 

K  =  the  volume  susceptibility  of  the  material  of  the  particle 
H  =  the  field  intensity  due  to  the  magnet 
dH 

-p  =  the  rate  of  change  of  field  intensity  perpendicular 
x  to  the  slide  (or  precipitator  tube). 

Fig.  3  shows  a  schematic  diagram  of  the  forces  acting  on  the 
particle.  When  the  particles  are  very  small,  say  less  than  0.1  - 
0.2  urn,  it  might  consist  of  only  a  single  or  a  few  magnetic  domains 
and  such  particles  easily  get  magnetically  saturated  under  the 
influence  of  the  magnet.  The  force  on  such  a  particle  can  be  ex¬ 
pressed  as: 


=  I** V 


dH 

dx 


where:  I  =  the  magnetic  saturation  moment  of  the  material  of  the 
particle. 

These  small  particles  do  not  contribute  to  optical  density 
readings  on  the  Ferrograph.  This  is  primarily  due  to  their  smaller 
sizes.  Even  if  they  get  deposited,  it  will  be  mostly  around  the 
exit  point  on  the  slide.  Moreover,  these  particles  may  be  more 
influenced  by  Brownian  forces  and  are  likely  to  disobey  the  magnetic 
forces.  Larger  size  particles  (say,  greater  than  1-2  pm  in  size) 
are  of  major  interest  in  Ferrographic  analysis.  It  may  be  mentioned 
here  that  a  severe  wear  situation  is  represented  by  the  presence 
of  larger  size  particles  and  subsequent  increased  optical  density 
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readings.  In  short,  Eq.  (1)  represents  the  magnetic  force  on  the 
wear  particle. 

dH 

In  Eq.  (1),  ^  and  K  are  the  two  parameters  which  strongly  con¬ 
trol  the  magnetic  force  on  the  particle.  Volume  susceptibility,  K, 
is  the  property  of  the  material  of  the  particle  while  dH  is  a  function 

of  the  volume  susceptibility  and  field  strength,  H.  Tntis ,  there  can 
be  a  widerange  of  magnitude  of  magnetic  force  on  any  particle  of  given 
diameter.  The  possible  reasons  for  different  magnetic  properties  for 
various  particulate  materials  in  the  sample  fluid  are  given  below: 

1.  Nature  of  the  Material  of  Contaminant  in  Fluid.  Iron,  cobalt 
and  nickel,  magnetite,  are  highly  magnetic  and  they  have  high  values 
of  K.  They  are  called  ferromagnetic  materials.  Paramagnetic  material 
are  weakly  magnetic,  such  as  hematite,  manganite,  coal  and  blood. 
Materials  such  as  cuprite  are  very  weak  magnetically.  (Ref.  [18] 
suggests  that  cuprite  has  an  attractability  of  0.08  on  the  basis 

of  an  attractability  of  100  for  iron).  Again,  many  fluid  contaminants 
are  non-magnetic  in  nature. 

2.  Mechanical  Process  of  Wear  Particles.  Wear  particles  are 
subject  to  high  stresses,  temperature,  fast  cooling,  quenching  and 
annealing.  Residual  stresses  and  thermal  cycling  due  to  the  wear 
process  can  reduce  the  magnetic  properties  of  the  material  [17]. 

3.  Aging  and  Age  Hardening.  Impurities  in  iron  such  as  carbon 
and  nitrogen  can  reduce  permeability  due  to  aging  especially  when 
the  sample  is  kept  for  a  long  time.  [17]. 

4.  Crystalline  shape  of  the  wear  particles  can  affect  the 
magnetic  property  of  the  material  such  that,  in  some  preferred 
directions,  it  could  be  more  magnetic. 

5.  Corrosive  environment,  oxidation,  and  other  chemical  reactions 
can  reduce  the  magnetic  property  of  the  material. 

6.  Non-magnetic  material  might  trap  a  small  amount  of  magnetic 
material  during  the  wear  process  and  could  attain  weak  magnetism. 

7.  Some  materials  such  as  organic  compounds  and  gels  will  collect 
wear  particles  and  become  magnetic. 

8.  Very  small  magnetic  particles  reach  saturation,  and  magnetic 
forces  on  them  may  be  totally  independent  of  field  strength. 

All  the  effects  combined  may  change  the  magnetic  property  of 
a  particle  (of  wear  or  of  non-wear  origin)  considerably.  Earlier 
work  on  modeling  of  the  Analytical  Ferrograph  at  the  Fluid  Power 
Research  Center  [15]  showed  that  the  deposition  of  a  particle  on 
the  slide  can  be  represented  as: 


where:  Z  is  the  location  of  the  wear  particle  deposition  on  the 
p  slide 

C,  is  a  constant  based  on  the  type  of  fluid  used  and 
1  geometry  of  the  slide 

6  is  the  fluid  film  thickness 

xQ  is  the  height  of  a  particle  as  it  enters  the  slide 

D  is  the  diameter  of  the  particle 

g  is  the  acceleration  due  to  gravity 

pP  is  the  density  of  the  particle 

pf  is  the  density  of  the  fluid 

Fig.  3  shows  a  schematic  of  the  details  required  to  clarify 
the  various  terms  in  Eq.  (3). 

Similarly,  the  deposition  ©f  the  particle  in  a  DR  Ferrograph  [16] 
can  be  given  as: 


where  C  is  a  constant. 


(4) 


Fig.  4  shows  a  schematic  diagram  for  the  explanation  of  terms 
in  Eq.  (4). 

From  Eq.  (3)  and  (4),  it  is  seen  that  for  a  particle  of  a  given 
diameter,  D,  the  location  of  the  particle  on  the  Ferrogram  is  de¬ 
pendent  on  the  magnetic  parameters.  In  the  case  of  non-magnetic 
particles,  the  term  KH  (j^will  be  absent  in  Eq.  (3)  and  (4).  Sub¬ 
sequently,  the  location  Zp  becomes  large.  It  can  be  shown  that, 
in  a  realistic  situation  with  suitable  numerical  values  substituted 
in  the  above  equations,  the  length,  Zp,  will  be  higher  than  the 
length  of  the  precipitator  tube  or  the  slide  Ferrograph.  Thus, 
ideally,  no  non-magnetic  particles  will  be  deposited  on  the  Ferrogram. 
In  Ref.  [16],  it  is  shown  that  the  probability  of  deposition  of  a 
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PARTICLE  AT  ENTRY 


Fig.  3  Trajectory  of  Particles  as  defined  by  Eq.  (3) 

Note  that  particles  of  same  diameter  can  have  different 
trajectories  depending  on  their  magnetic  properties 


Fig.  4  Trajectory  of  Magnetic  Particle  as  per  Eq.  (4) 
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non-magnetic  particle  in  a  DR  Ferrograph  is  much  less  due  to  hydro- 
dynamic  lift  and  special  nature  of  the  design  of  the  equipment.  In 
the  case  of  the  Analytical  Ferrograph,  as  evident  from  Eq.  (3),  non¬ 
magnetic  particles  could  get  deposited  on  the  Ferrogram,  if  the 
initial  height,  x0,  of  the  particle  above  the  slide  is  small  com¬ 
pared  to  the  film  thickness.  Fig.  5  shows  how  non-magnetic  particles 
can  get  deposited  on  the  slide.  This  is  the  reason  why  scattered 
non-metal lie  particles  are  seen  on  the  slide  Ferrograph.  Further, 
it  can  be  said  that  if  the  particles  are  weakly  magnetic,  they  could 
get  deposited  in  a  random  fashion  on  the  slide  since  hydro-dynamic 
forces  can  be  stronger  than  magnetic  forces.  In  the  case  of  the 
DR  Ferrograph.  Also,  large  particles  which  are  weakly  magnetic 
might  get  deposited  inside  the  precipitator  tube  and,  accordingly, 
the  optical  density  could  be  affected. 

The  brief  theoretical  presentation  given  here  simply  illustrates 
that  the  experimental  observations  are  duly  supported  by  theory. 

More  information  on  the  modeling  can  be  found  in  Ref.  [15]  and  [16]. 
Based  on  the  discussions  presented  so  far,  a  detailed  proposal  for 
the  study  of  the  effect  of  non-magnetic  particles  on  the  Ferrographic 
process  is  presented  in  the  following  pages.  Apart  from  what  has 
been  illustrated  so  far,  such  a  study  will  be  justified  by  the 
following  practical  aspects  of  any  oil  analysis  program  using 
Ferrography. 

1.  In  most  cases,  a  detailed  study  of  the  Analytical  Ferrograph 
(in  terms  of  particle  morphology,  etc.)  is  rarely  done  due 
to  the  urgency  of  the  requirement  for  machine  data. 

2.  Based  on  the  above  reasoning,  it  is  better  to  pre-separate 
the  non-metal lie  particles  from  the  sample  fluid.  Even 

if  the  tribologist  is  adamant  that  he  should  have  the  details 
of  the  non-magnetic  particles,  then  a  second  Ferrograph  can 
be  made  from  a  separated  sample  which  predominantly  will 
contain  non-metal! ic  particles.  In  such  a  case,  more  non- 
metallic  particles  will  be  available  on  the  slide. 

3.  In  the  case  of  DR  and  RT  Ferrographs,  there  is  no  visual 
(by  microscope)  aid  to  see  the  morphology  of  the  particle 
and,  hence,  it  is  logical  to  avoid  unnecessary  particles 
in  the  fluid  sample.  Moreover,  the  readings  on  the  DR 
Ferrograph  are  taken  when  the  fluid  is  still  present  in 

the  precipitator  tube.  A  cleaner  fluid,  then,  would  further 
decrease  the  chance  of  error  and,  hence,  it  may  be  better 
that  unnecessary  particles  be  removed  from  the  sample. 
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Fig.  5  Flow  diagram  for  separation  of  magnetic  particles 
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PROPOSED  TEST  PROCEDURE 


Based  on  the  discussions  presented  so  far,  the  following  test 
procedure  is  suggested  for  further  investigation. 

1.  Prepare  samples  containing  known  contaminant  concentrations. 
The  contaminant  can  be  non-magnetic,  magnetic  or  a  combination 
of  both.  Typical  contaminants  can  be  AC  Fine  Test  Dust, 
carbonyl  iron,  aluminum  powder.  Obtain  density  readings  from 
these  samples  using  the  Analytical  Ferrograph  and  the  DR 
Ferrograph.  Observe  the  deposition  of  non-magnetic  particles 
on  the  slide. 

2.  Separate  the  non-magnetic  particles  from  a  sample  contain¬ 
ing  both  non-magnetic  and  magnetic  particles  and  repeat 
the  Ferrographic  process  using  the  separated  samples  (one 
sample  containing  the  magnetic  particles  and  other  contain¬ 
ing  non-magnetic  particles).  Observe  the  amount  of  magnetic 
particles  on  the  slide  when  the  non-magnetic  sample  was  used 
and  vice  versa.  The  details  regarding  separation  techniques 
are  given  at  the  end  of  the  paper. 

3.  Prepare  samples  from  an  actual  wear  process.  This  can  be 
economically  done  at  the  FPRC  since,  quite  often,  wear  tests 
are  conducted  on  hydraulic  components.  Using  the  samples, 

run  the  Analytical  and  the  DR  Ferrograph.  Observe  the  density 
readings  as  well  as  the  morphology  of  the  particles.  Collect 
the  drained  oil  from  the  drain  bottles  and  re-run  these 
"drained"  oils  for  another  set  of  Ferrographic  data.  The 
second  set  of  data  will  show  whether  (a)  the  recovery  of 
magnetic  parti ci’.s  is  complete  in  the  first  set  of  density 
readings  and  (b)  the  recovery  of  non-magnetic  particles 
is  augmented  by  the  absence  of  magnetic  particles  in  the 
second  set  of  readings. 

4.  Separate  the  original  samples  used  in  Step  3  into  two  samples, 
one  containing  only  magnetic  particles  and  another  contain¬ 
ing  non-magnetic  particles  as  in  Ref.  [2].  Run  separate 
Ferrographic  data  for  these  two  samples. 

As  is  evident,  the  original  sample  fluid  has  to  be 
recovered  from  Step  3  for  conducting  this  experiment.  This 
is  done  by  transferring  all  the  particles  from  the  slides 
and  DR  precipitator  tube  into  the  drain  fluid  obtained  in 
the  second  set  of  experiments  in  Step  3.  Ultrasonic  re¬ 
moval  of  particles  should  be  satisfactory  for  this  process. 
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5.  Collect  another  set  of  sample  fluid  from  the  wear  test. 
Introduce  a  known  amount  of  non-metal! ic  particles  into 
the  fluid.  Repeat  Steps  3  and  4.  This  experiment  will 
reveal  the  effect  of  excessive  non-metal  lie  particles  in 
fluid  samples. 

6.  Add  iron  oxide  into  a  sample  fluid  and  repeat  Steps  3  and  4. 
Metallic  iron  oxide  can  be  ordinary  rust  particles  for  which 
there  cannot  be  any  shortage.  This  experiment  will  reveal 
the  effect  of  weakly  magnetic  particles  on  Ferrography. 

7.  Collect  a  large  sample  (say,  one  litre)  from  a  wear  test. 

Run  the  Ferrograph  using  fluid  from  this  sample.  Divide 
the  remaining  fluid  into  10  bottles.  Keep  this  fluid  stored 
at  -40°F,  -30°F,  -20°F,  up  to  40°F.  One  of  the  bottles 

can  be  kept  at  room  temperature.  Take  samples  from  each 
of  the  bottles  after  storing  for  one  week,  two  weeks,  one 
month,  two  months,  four  months,  etc.  Run  the  Ferrograph 
using  the  normal  techniques.  Another  set  of  samples  can 
be  run  after  heating  the  stored  fluid  to  150°F.  These 
experiments  will  completely  define  the  effect  of  corrosion 
and  chemical  reaction  on  the  fluid.  Repeat  Step  4  in  all 
these  cases.  It  should  be  noted  that  this  experimental 
procedure  is  much  more  involved  and  very  careful  planning 
is  necessary.  The  purpose  of  its  presentation  here  is  only 
to  advance  the  basic  approach  to  the  experimentation.  Table  1 
shows  a  list  of  the  proposed  experiments. 

SEPARATION  OF  NON-MAGNETIC  PARTICLES 

It  was  mentioned  in  the  foregoing  section  that  for  some  of  the 
experiments,  non-magnetic  particles  in  the  fluid  should  be  separated. 
This  can  be  achieved  in  several  ways.  The  Ferrograph,  by  itself, 
is  a  magnetic  separator.  To  use  a  Ferrograph  as  a  separator,  run 
the  fluid  sample  over  the  slide  again  and  again  until  microscopic 
examination  reveals  only  magnetic  particles.  The  scheme  is  given 
in  the  form  of  a  chart  in  Fig.  5.  It  is  seen  that  the  process  is 
iterative  and  might  be  quite  laborious.  Further,  in  a  situation 
where  the  particles  are  to  be  separated  before  they  are  to  be  used 
on  the  Ferrograph,  this  process  is  not  practical.  However,  if  the 
DR  Ferrograph  can  be  designed  using  an  electromagnet  instead  of 
the  present  permanent  magnet,  then  it  could  be  made  to  work  as  a 
separator  as  suggested  below: 

1.  Run  sample  through  modified  DR  Ferrograph  described  in  the 
above  paragraph.  The  electromagnet  should  be  energized. 

2.  Collect  the  drain. 
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Table  1 


SI  No. 

TYPE  OF  EXPERIMENT 

PURPOSE 

1 

Sample  contains  known 
contaminant-magnetic  (M) 
or  Non-Magnetic  (NM). 

Evaluate  the  effect  of 
standard  contaminant. 

2 

Separate  M  and  NM  and 
repeat  the  experiment 

To  evaluate  the  effect 
of  separation. 

3 

Sample  from  wear  test. 

Evaluate  the  effect  of 
actual  wear  particles. 

a 

Separate  M  and  NM  from 
the  sample  in  3. 

To  evauate  the  effect 
of  separation. 

5 

Add  known  contaminant  to 
samples  in  3  and  4  and 
repeat  those  experiments. 

To  study  the  effect  of 
excessive  M  or  NM 
particles  in  wear  test 

6 

Add  iron  oxide  to  sample 
fluid  from  wear  test  and 
repeat  3  and  4. 

To  evaluate  the  effect 
of  weakly  magnetic 
particles. 

■ 

Store  sample  for  longer 
periods  at  low 

temperature  before 
experiments. 

To  study  the  effect  of 
chemical  reaction  and 

corrosion  on  wear 
particles. 

.  Summary  of  Proposed  Experiments 
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3.  De-energize  the  electromagnet. 

4.  Pass  clean  fluid  through  the  precipitator  tube  while  providing 
ultrasonic  excitation  to  the  tube. 

5.  Collect  the  fluid  sample  along  with  clean  fluid,  if  the 
Analytical  Ferrography  is  to  be  conducted.  If  the  sample 
is  to  be  used  for  DR  or  RT  Ferrography,  directly,  pass  the 
fluid  through  the  respective  precipitator  tubes.  It  is 
assumed  that  without  any  iterative  process,  a  fairly  good 
separation  will  be  possible  by  this  technique.  It  is  thought 
that  some  other  techniques  which  are  already  used  in  industry 
can  be  adopted  for  use  in  Ferrography.  They  are  described 

in  the  following  pages. 

Ref.  [19]  reviews  a  number  of  magnetic  separators,  some  of  which 
could  be  used  for  the  application  in  the  Ferrography.  One  of  the 
possibilities  is  the  use  of  the  Davis  Tube  separator.  Fig.  [6]  gives 
the  construction  of  the  equipment.  The  magnetic  particles  are  trapped 
near  the  pole  edges  inside  the  tube  in  the  equipment.  Another  device 
which  could  be  used  is  a  Franz- Isodynamic  separator.  Fig.  [7]  gives 
the  schematic  of  the  equipment.  The  operation  of  the  equipment  is 
self-explanatory.  This  equipment  is  used  for  solid  particles,  but 
it  is  thought  that  by  suitable  modification,  it  can  be  used  for  fluids 
as  well.  The  two  output  channels  for  the  fluid  flow,  shown  in  Fig.  [7], 
consist  of  sample  fluids  with  magnetic  and  non-magnetic  particles. 

This  separator  seems  to  be  ideally  suited  for  Ferrographic  appli¬ 
cations.  Another  separator  which  offers  promise  is  the  Jones  Separator. 
Fig.  [8]  gives  the  details  of  the  equipment.  After  the  sample  fluid 
has  passed  through  the  separator,  metallic  particles  trapped  in  the 
grooved  plate  should  be  washed  out  with  clean  fluid  in  this  equipment. 

It  is  not  the  purpose  of  this  paper  to  describe  the  details  of 
the  various  separators  and,  hence,  discussion  about  them  is  avoided. 

It  is  emphasized  here  that,  before  attempting  to  use  any  particular 
separator,  the  effect  of  the  magnetic  particles  on  the  Ferrographic 
process  should  be  well  established  as  per  the  experimentation  pro¬ 
posed  in  the  paper. 

DISCUSSION  AND  CONCLUSION 

The  Ferrographic  technique  has  a  large  potential  in  diagnosis 
and  maintenance  of  machinery.  It  has  been  proven  that,  using  this 
technique,  impending  failures  in  machines  can  be  predicted.  It 
was  brought  out  in  this  paper  that  the  non-magnetic  particles  in 
the  fluid  sample  can  cause  erroneous  results  in  the  readings  es¬ 
pecially  when  a  real-time  monitoring  of  a  wear  situation  is  attempted. 
Based  on  this  observation,  a  detailed  proposal  for  investigation 
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Fig.  6  Davis  Tube  separator 


Fig.  7  Frantz-Isodynamic  separator 
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GROOVED  PLATES 


Fig.  8  Jones  separator 


1 


■  i 


of  the  effect  of  these  non-magnetic  particles  in  the  fluid  sample 
was  presented.  It  was  suggested  that  suitable  separators  be  used 
upstream  of  the  Ferrograph  so  that  only  the  magnetic  or  fairly 
magnetic  particles  pass  through  the  Ferrographic  equipment. 
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APPENDIX  D 


Summary  of  Ferrographic  Data 
for  Hydrostatic  Transmission 


SUMMARY  OF  FERROGRAPHIC  DATA 


Test  Ident. _ lest  Track 


Sample  Location  Case  Drain  -  Pump  for  left  wheel  drive 


Machine  Hydrostatic  Transmission 


Day  3 


Test 

Time 

(hrs) 

Ferrographic  Densities  per  ml 
at  Indicated  Location 

Entry 

54mm 

30mm 

Remarks 

0 

55.5 

64.7 

35.8 

14.2 

Pump 

failure 

1 

■a 

12.2 

■a 

6.*! 

New  oil-New 
pump /motor 

2 

8.0 

BB 

■9 

mm 

3 

5.2 

9.8 

8.5 

4.8 

4 

6.5 

8.5 

■9 

BB 

5 

■9 

■9 

5.6 

4.4 

6 

■9 

6.8 

5.6 

4.1 

7 

4.9 

6.3 

5.1 

3.6 

8 

■9 

.5.5 

BB 

3.2 

9 

6.2 

8.0 

■9 

BB 

10 

8.3 

9.5 

99 

6.6 

Machine  down 

30  minutes 
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SUMMARY  OF  FERROCRAPHIC  DATA 


SUMMARY  OF  FERROGRAPHIC  DATA 


Test  Ident.  Level  Terrain _ 

Sample  Location  Case  Drain  -  Pump  for  left  wheel  drive 
Machine _ Hydrostatic  Transmission _ 


Day  1 


Test 

Time 

(hrs) 

Ferrographic  Densities  per  ml 
at  Indicated  Location 

Remarks 

Entry 

54  mm 

50mm 

30mm 

C 

9.5 

8.9 

H 

5.2 

Taken  at 
Stillwater 

0 

m 

■a 

4.0 

Taken  during 
shake  down 

1 

5.3 

4.0 

_ 2.9 _ 

2 

3.8 

3.5 

■a 

mm 

3 

mm 

3.5 

2.9 

mm 

A 

mm 

3.5 

2.8 

2.2 

5 

wm 

4.0 

3.1 

2.1 

6 

3.3 

m 

2.2 

1.8 

7 

3.2 

2.8 

2.6 

2.1 

8 

3.3 

■9 

mm 

1.6 

9 

3.3 

2.5 

3.0 

mm 

10 

3.8 

2.5 

2.3 

1.8 

SUMMARY  OF  FERROGRAPHIC  DATA 

Test  Ident. _ Level  Terrain _ _ 

Sample  Location  Case  Drain  -  Pump  for  right  wheel  drive 

Machine _ Hydrostatic  Transmission _ 

Dav  1 


Ferrographic  Densities  per  ml 


at  Indicated  Location 


SUMMARY  OF  FERROGRAPHIC  DATA 


Test  Ident.  Rough  Terrain _ 

Sample  Location  Case  Drain  -  Pump  for  left  wheel  drive 
Machine  Hydrostatic  Transmission _ 


Day  2 


Test 

Time 

(hrs) 

Ferrographic  Densities  per  ml 
at  Indicated  Location 

Remarks 

Entry 

54mm 

50mm 

30mm 

1 

5.5 

■I 

3.9 

2.9 

Changed  oil 
before  start 

2 

4.1 

3.5 

3.2 

3.1 

3 

4.6 

4.4 

■H 

3.6 

Machine  down 
one  hour 

4 

■H 

■H 

2.7 

5 

3.7 

■VI 

2.8 

2.7 

6 

wm 

HH 

■H 

2.2 

7 

3.5 

■1 

2.8 

2.2 

8 

3.4 

— 

2.1 

9 

■H 

■H 

wm 

2.1 

10 

■■ 

■H 

2.8 

2.1 
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SUMMARY  OF  FERROCRAPHIC  DATA 


Test  Ident. _ Rough  Terrain 


Sample  Location  Case  Drain  -  Pump  for  right  wheel  drive 


Machine  Hydrostatic  Transmission 


Day  2 


Test 

Time 

(hrs) 

Ferrographic  Densities  per  ml 
at  Indicated  Location 

Remarks 

Entry 

! 

5Amm 

50mm 

30mm 

1 

m 

A.  1 

3.5 

3.2 

Changed  oil 
before  start 

2 

3.6 

3.9  | 

3.5 

3.0 

3 

A.O 

mm 

3.8 

1 

3.2 

Machine  down 
one  hour 

A 

3.9 

3.8 

H 

3.0 

5 

5.3 

mm 

H 

mm 

6 

3.5 

mm 

3.5 

mm 

7 

mm 

A.O 

H 

H 

8 

A. 7 

h 

3.3 

2.6 

9 

A.O 

HI 

3.3 

2.3 

10 

3.2 

2.8 

2.6 

2.1 
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